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FOFU3WORD 

This report is one of several t o  be published from research con- 

ducted  under NASA Contract NAS8-31773 en t i t l ed ,   "Rela t ionships  Between 

Severe Storms and  Their  Environment. 'I This  effort  is  sponsored by t he  

NASA Office o f  Applicat ions  under   the  direct ion of Marshall  Space  Flight 

Center ' s  Aerospace Environment  Division. The r e s u l t s   p r e s e n t e d   i n   t h i s  

report represent   on ly  a por t ion  of t h e  to ta l  r e sea rch   e f fo r t .  Data 

used i n   t h e  report were taken  from  the AVE I V  Experiment  conducted 

during the period beginning a t  0000 GMT on 24 Apr i l  1975  and  ending a t  

1200 GMT on 25 Apr i l  1975. 
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THE MOISTURE BUDGET I N  RELATION TO CONVECTION 

by  Robert W. Sco t t  and  James R. Scoggins 
1 2 

Center  for  Applied  Geosciences,  Texas A&M University 

1. INTRODUCTION 

a. Statement of problem 

The distribution  of  moisture  throughout  the  atmosphere is i m p o r -  

t e n t  due t o   t h e   c o n t r o l l i n g   f a c t o r  it e x e r t s  on daily  atmospheric 

events. Its influence on other  meteorological  parameters becomes 

qu i t e   s ' ubs t an t i a l   i n   a r eas  where large  concentrat ions of moisture 

ex is t .   This  is readi ly   observed,   for  example, by t h e   e f f e c t  water 

vapor  has on the  propagation  of  solar and t e r r e s t r i a l   r a d i a t i o n .  

Similarly,  clouds and p r e c i p i t a t i o n  are v i s ib l e   s igns  of the  exis tence 

of  water  vapor. 

It  is known that  concentrations  of  moisture  in  the  general   area 

of   convec t ive   ra infa l l   a re   qu i te   l a rge .   Synopt ic -sca le   d i s t r ibu t ions  

of  moisture  and  horizonta1"and  vertical  motions  have  been  related 

d i r ec t ly   t o   s to rm development. However, important  temporal  and 

spatial   changes  in  meteorological  parameters  often  are  not  indicated 

by these  data.   This i s  because  the  operational' 12-h synoptic-scale 

rawinsonde  data  are  unable  to  resolve  accurately  the  interrelationships 

between the  convective-  and  synoptic-scale  systems.  This is due i n  ' 

par t   t o   t he   f ac t   t ha t   t he   l i f e   cyc le .o f   convec t ive   sys t ems   o f t en   occu r  

en t i r e ly   w i th in   t he   i n t e rva l  between  successive  rawinsonde  soundings. 

Nevertheless,  these  systems have a considerable   effect  on t h e   l o c a l  

weather. Heavy rainfall,   strong  winds,  and  large  thermal  changes  often 

occur  with  their   passage.  Therefore,  knowledge o f   t he   va r i a t ions   i n  

the   d i s t r ibu t ion   of   mois ture  a t  in t e rva l s   sho r t e r   t han  1 2  h is neces- 

sa ry   to   unders tand  more completely  the  effect   that   moisture   has  on 

convection. 

b . Objective 

The main object ive  of   this   research i s  t o  examine the  moisture 

balance  of   the  a tmosphere  in   areas   of   convect ive  s torm  act ivi ty  from 

3-h rawinsonde  data. 
- 

'Graduate A s s i s t a n t  

2professor of Meteorology 
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Specific  objectives  include: 

(1) Evaluate  the  moisture  budget  equation  and  determine  the 

relative  magnitude  of  each  term  from  3-h'  rawinsonde  data. 

(2) Identify  relations  of  individual  terms  in  the  equation  to 

radar-observed  convection. 

(3)  Examine  the  relationships  between  computed  moisture 

quantities  and  radar-observed  convection  3  h  previous 

to  storms. 

(4) Explain  regions  of  sources  and  sinks  of  moisture. 

c. Previous  studies 

The  moisture  budget  includes  the  local  rate-of-change of moisture, 

boundary  fluxes  (consisting  of  moisture  divergence  and  advection), 

evaporation,  condensation,  and  precipitation.  Many  past  researchers 

have  analyzed  the  moisture  budget  in  particular  weather  systems. 

However,  due  to  inadequacies  in  the  data  that  wefe  available  or  special 

characteristics  of  the  systems  being  investigated,  simplified  moisture 

equations  were  used. 

Spar  (1953)  equated  the  moisture  convergence  of  a  region  to  the 

maximum  possible  increase  in  precipitable  water,  assuming  any  excess 

to  represent  quantitative  rainfall.  This  assumes,  however,  that  the 

entire  vertical  column  must  be  saturated  before  precipitation  can 

occur  which,  in  the  absence of other  errors,  gives  an  underestimate 

of the  precipitation.  Nevertheless,  he  determined  that  the  method 

would  yield  some  success  in  locating  regions of  large  quantities  of 

expected  rainfall  although  actual  forecasted  amounts  failed  to  verify. 

Bradbury  (1957)  conducted  a  similar  experiment  in  three 

different  types  of  storms,  one  of  which  contained  much  convective 

activity.  She  improved  on  Spar's  evaluation  of  the  time  change  in 

the  total  water  vapor  by  consideration  of  the  local  rate-of-change 

term  from  sounding  data  taken  at  6-h  intervals.  Her  results  showed 

fair  agreement  between  observed  and  computed  rainfall  totals. 

Palm&  and  Holopainen (1962) used  a  simplified  equation  to 

analyze  a  well-developed  extratropical  cyclone  over  the  central 
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United  States.  They  found  that  the  horizontal  moisture  divergence 

accounted  for 95% of the'observed  rainfall,  indicating  a  strong 

dominance  by  the  term.  However,  very  little  convection  occurred  in 

the  area  and  due  to  the  uniformity of the  system,  the  local  change 

term  and  evaporation  were  ignored. 

Fankhauser  (1965)  and  Ninomiya  (1971)  further  showed  the 

importance  of  large-scale  moisture  divergence  in  the  environment 

of  convective  storms.  In  studies  of  two  different  thunderstorm 

situations  over  the  eastern  United  States,  they  found  that  this  term 

was  large  below 800 mb and  smaller  above.  Earlier  work  by  Ninomiya 

(1968) showed  similar  results.  In  evaluating  the  moisture  budget of 

the  subcloud  layer  in  convective  cloud  systems  over  the  Sea of  Japan, 

he  found  large  negative  values  of  horizontal  moisture  divergence. 

The  net  vertical  boundary  flux of mojlsture  in  the  same  layer' 

nearly  equaled  the  horizontally-converged  water  vapor. 

The  importance  of  large-scale  divergence  on  the  moisture  .field 

has  been  shown  numerically,  also. In work  by  Chang  and  Orville  (19731, 

large-scale  horizontal  convergence-divergence  patterns  were  super- 

imposed on  a  numerical  cloud  model.  It  resulted  in  broader,  more 

active  cloud  cells  than  in  the  case  when  no  divergence  field  was 

superimposed. 

In  analyses  geared  more  toward  the  study  of  thunderstorm 

activity  than  general  precipitation  systems,  works  by  Hudson  (1971) 

and  Fritsch  (1975)  revealed  good  correlations  between  horizontal 

moisture  divergence  and  strong  cumulus  convection as shown by  radar. 

Even  better  results  were  found  when  the  radar  data  lagged  the 

moisture  divergence  by  3 h. 

Research  using  data  collected  from  a  mesoscale  network  has 

indicated  that  small-scale  circulations  also  can  be  an  important 

factor  in  the  moisture  budget of the  atmosphere.  Kreitzberg  and 

Brown  (1970)  found  that  the  effects of  the  mesoscale  systems  within 

the  synoptic-scale  circulations  were  important  in  the  banding  of 

precipitation.  They  discovered  that  bands of  radar  echoes  were 

closely  related  to  narrow  tongues  of  warm  moist  air  that  feed  into 
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t h e  warm f r o n t a l  stable layers   o f  mature extratropical   cyclones.  

Rainfal l   of  a convect ive  nature   of ten  occurred  in   these  precipi-  

t a t i o n  bands. 

I n  work by L e w i s  " e t  a l .  219741, a squal l  l ine  passing  through 

the  mesoscale  rawinsonde  network  of  the  National  Severe  Storms 

Laboratory w a s  analyzed. B y  eva lua t ing   the   subs tan t ia l   der iva t ive  

of   the  specif ic   humidi ty  and potential  temperature,  they  concluded 

that  condensation was an  important  factor  in  the  residual  of  th.e 

moisture  budget  equation. 

In   research  c i ted  previously,  Ninomiya sugges ted   tha t  small- 

scale  convective  eddies  could sometimes be   qu i t e   subs t an t i a l   i n   t he  

moisture  'budget  of  the  subcloud  layer  over  the Sea of   Japan  in   the 

presence  of  strong  horizontal  moisture  convergence. H e  concluded 

t h a t   t h i s  i s  why ac t ive  cumulus groups  of ten  exis t   only  over   the 

mesoscale  convergence  zones. 
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2. DATA 

a. Atmospheric  Variability  Experiment 

The da ta   fo r   t h i s   r e sea rch  were collected  during  the  Atmospheric 

V a r i a b i l i t y  Experiment I V  (AVE IV) conducted  by  the  National 

Aeronautics  and  Space  Administration  (Fucik  and  Turner, 1975) . 
The experiment  began a t  0000 GMT on 24 Apri l  1975 and  ended a t  

1200 GMT on 25 April .  Rawinsonde soundings were taken a t  6-h i n t e r -  

vals   with  an  extensive  per iod  during  the middle 1 2  h of the  experi-  

ment when soundings were 3 h apart.  Forty-two  rawinsonde 

s ta t ions   in   the   Uni ted  States, e a s t  of 105O W. longi tude ,   par t ic i -  

pated  in  the  experiment and are shown in   F ig .  l.* 

Fig. 1. Rawinsonde s t a t i o n s   p a r t i c i p a t i n g   i n   t h e  AVE IV experiment. 

* S t a t i o n  names are given i n  Appendix I. 
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An extensive  data  reduction  program w a s  devised by Fuelberg  (1974) 

to   obtain  the  highest   possible   accuracy from the  rawinsonde  data. 

Winds were calculated a t  30-s i n t e r v a l s  and  thermodynamic data  were 

obtained a t  each  pressure  contact .   Error   analysis  of the  data  has 

been well invest igated by Lenhard  (1973)  and  Fuelberg  (1974). 

Estimates of t he  RMS e r r o r s   f o r   t h e   d i f f e r e n t  thermodynamic  para- 

meters  are as follows. 

Parameter Approximate RMS Error  

Temperature 0.2O 

Pressure 1.5 mb 

Humidity 10 per   cen t  

RMS e r r o r s   i n  wind speed   for   the  AVE I V  d a t a   a r e  as follows. 

Leve 1 Elevation Angle 

40 O 10 O - - 
700 mb 0.5 m s 2.5 m s 

500 mb 0.8 m s 4.5 m s 

300 m b  1.0 m s 7 .8  m s 

-1 -1 

-1  -1 

-1 -1 

b.  Manually  Digitized  Radar 

The locat ion and intensity  of  radar-observed  convection  during 

t h e  AVE I V  experiment were obtained  from  Manually  Digitized Radar 

data,  acquired  through  the  Techniques Development Laboratory  of  the 

National  Oceanic  and  Atmospheric  Administration ( N O M ) .  The MDR 

g r i d  network is shown i n  Fig.  2.  The size  of  each MDR block i s  

approximately 83 km on a s i d e .  The MDR coded  values  represent  areal  

coverage  and  echo intensity  within  each  block.  Table I summarizes 

the  explanation  of  the MDR code (Foster and  Reap, 1973). 

Three-hour  composites  of  radar  data,  centered on  each  sounding 

t i m e ,  were c rea t ed   i n   o rde r   t o  made comparisons  with  selected 

computed-quantities. The composite  value w a s  the   highest  MDR coded 

value  tha.t  appeared  in  each  block  during  the 3-h per iod.   Dist inct ion 
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was made between d i f f e r e n t   r a i n f a l l   i n t e n s i t i e s .   F i v e   c a t e g o r i e s   o f  

MDR were s e l e c t e d   f o r  comparisons t o  computed mois ture   quant i t ies .  

They a r e  a l l  MDR po in t s ,  MDR 5 1, MDR 1 2 ,  MDR 2 4, and MDR 2 8. 

Tab le  I. Explanation of .the Manually Diqit ized Radar  code. 

Code N o .  Maximum Coverage Maximum In tens i ty  

V I P ~  Values  Rate  (in./hr) 
Observed  In Box Rainfall  Category 

0 No  Echoes 

1 1 Any  VIP <.1 Weak 

2 2 5 50% of V I P 2  .l- .5  Moderate 

3 2 > 50%  of VIP2 -5-1.0  Moderate 

4 3 5 50%  of VIP3 1.0-2.0  Strong 

5 3 > 50% of VIP3 1.0-2.0  Strong 

6 

7 

8 

4 5 50%  of VIP3 1.0-2.0 Very Strong 
and 4 

4 > 50% of VIP3 1.0-2.0 Very Strong 
and 4 

5 o r  6 i 50% of VIP3, >2.0  Intense  or 
4 ,  5 and 6 Extreme 

9 5 or  6 > 50% of VIP3, >2.0 Intense or 
4 ,  5 and 6 Extreme 

'Video Integrator   Processor  

c. P rec ip i t a t ion  

Hourly prec ip i ta t ion   da ta  were obtained from the  National 

Climatic  Center of the  Environmental Data Service of NOAA. An area 

smaller   than  the  ent i re  AVE I V  area Consisting  of  around 1050 

s t a t i o n s  w a s  chosen fo r  ana lys i s   purposes .   Prec ip i ta t ion   in   the   a reas  

not   included  in   the  analysis  w a s  e i t he r   l i gh t   o r   nonex i s t en t .  
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3. SYNOPTIC CONDITIONS 

Analyses  of  the  surface  and 700-mb l e v e l  a t  0600 GMT on 24 and 

25 April  1975,  appear  in  F,igs. 3 and 4, respect ively.  The analyses 

were taken,  without  modification,  from  the  data summary r epor t  by 

Fucik and  Turner  (1975)  and show the  synoptic  conditions 6 h af ter  

the  start and p r i o r   t o   t h e  end  of  the AVE I V  experiment.  Frontal 

pos i t i ons  and areas   o f   p rec ip i ta t ion  are located  on  each  chart. 

The synop t i c   s i t ua t ion   i n  AVE I V  w a s  characterized by a mass 

of   cold  polar  a i r  moving slowly  across  the  northern  United  States 

from Iowa t o  New England. A surface  cyclone,  located  over Lake 

Huron a t  the  beginning  of  the  experiment,  tracked  east-northeastward 

t o   t h e  Gulf  of S t .  Lawrence while a secondary low moved eastward 

from southern Kansas t o  Kentucky. A w a r m  front  stretched  eastward 

from the  primary low across   the  central   Appalachians  to   the mid- 

At lan t ic   coas t  and moved northeastward  ahead  of a l a rge  mass of 

w a r m  moist Gulf a i r  flowing  through  the  eastern  United  States. 

The c o n t r a s t i n g   a i r  masses  were separated by a co ld   f ront  

which l inked  the low pressure  areas and then   t r a i l ed  southwestward 

i n t o  west  Texas. The southern  port ion  of   the  f ront  was r e l a t i v e l y  

inac t ive  and  remained nearly  stationary  throughout  the  experiment. 

In   cont ras t ,   the   nor thern  segment became qui te   ac t ive ,   genera t ing  

two l ines   o f   i n s t ab i l i t y   du r ing   t he   pe r iod .  The f i r s t  w a s  i n  

existence a t  the start of  the  experiment  and  stretched from c e n t r a l  

I l l i no i s   i n to   no r theas t e rn  Kansas. The l i n e  moved i n  a n  e a s t e r l y  

d i r ec t ion  ahead  of  the  front  reaching maximum thunderstorm  act ivi ty  

around 0600 GMT on the  24th  ( the same time as shown in   F ig .  3)  and 

then  dissipated  over  southeastern  Missouri   about 6 h l a t e r .  Maximum 

tops were in  excess  of 1 7  k m  (55,000 f t ) .   Scat tered  thunderstorms 

continued i n   t h e  system  for  the  next 1 2  h as it moved through  the 

Ohio Valley.  Although some regenerat ion  occurred  in   central  Ken- 

tucky  around 1800 GMT, a l l  thunderstorm  act ivi ty  had  ended i n  t h i s  

system by 0000 GMT on 25 April .  

The second s q u a l l   l i n e  formed j u s t   a f t e r  2100 GMT on the  24th 

and s t re tched from northwestern  Arkansas  into  central Oklahoma. 
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( a )  Surface 

Fig. 3. Synoptic charts f o r  0600 GMT on 24  April 1975. 
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(a) Surf ace 

(b) 700 mb 

Fig. 4 .  Synoptic charts for 0600 GMT on 25 April 1975- 
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Deveiopment  continued  to  the  northeast of the  initial  formation  until 

the  time  of  maximum  storm  development,  about 0600 GMT  on  25  April 

(see  Fig. 4). At  this  time  the  squall  line  extended  from  western 

Kentucky  into  central  Arkansas.  The  eastern  part of the  line  was 

the  most  active  with  several  tops  exceeding  15 km (50,000 ft). The 

line  was  still  strong  at  1200  GMT  (the  end  of  the  experiment):  how- 

ever,  thunderstorm  activity  had  lessened. It stretched  from  eastern 

Kentucky  across  Tennessee  into  northern  Mississippi  and  southeast 

Arkansas.  Tops  were  generally  less  than 14 km (45,000 ft). 

Rainfall  of  a  stratiform  nature  covered  much of the  central 

Appalachians  and  northeastern  states  during  the  experiment.  It  fell 

in  association  with  the  northeastward  movement  of  the  warm  front 

during  the  initial  hours  of  the  experiment  and  persisted  as  the  re- 

mains  of  the  two  squall  lines  passed  through  the  area  during  their 

dissipation  stages. 
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4. THE MOISTUF!E BUDGET EQUATION 

The moisture  bu,dget  equation  for  the  atmosphere  has  been  derived 

by several   authors  (Spar,  1953; Palm& and Newton, 1969; Hal t iner ,  

1971). A combination  of  the methods  of Haltiner  and Palm& and New- 

ton is reproduced  here. 

Haltiner  began  with  the  continuity  equation  for water vapor i n  

the  atmosphere which is  given as 

' - a t  + $ 0  (pv% = s, 

where pv i s  the   dens i ty  of  water  vapor i n   t h e  a i r  and ? and V a r e  

the  three-dimensional  del   operator and ve loc i ty   in   p ressure   coor -  

dinates .  The t e r m  S represents   sources   or   s inks  of   moisture   in  

mass p e r   u n i t  volume per   un i t  t i m e .  

+ 

The density  of water vapor is defined as p pq, where p 

and  q a re   t he   dens i ty  and specific  humidity  of  the a i r ,  respective- 

ly .  I f   t h i s   d e f i n i t i o n  i s  exchanged  with p i n  Eq.  1 and  an  ex- 

pansion is  made of   the   resu l t ing  terms, one  has 

V 

V 

NOW by  assuming  an  incompressible f l u i d  (i .e. , $ = 01, Eq. 2 

can  be  written 

p at + pv= (qV) = s. a q  + + 
( 3 )  

The rest of   the  der ivat ion  fol lows  that  by Palm& and Newton 

i n  a s l i g h t l y  expanded  form. By in t eg ra t ing  Eq. 3 over a v e r t i c a l  

column, assuming  hydrostatic  equilibrium,  one  has 

where the  second  term on the  left-hand  side (LHS) has  been  expanded 

i n t o  i t s  horizontal  and v e r t i c a l  components. The right-hand  side 

(RHS) of Eq. 4,  R, r e s u l t s  from the  integrat ion  of  S and represents  

the  effects  of  evaporation,  precipitation,  and  condensation. 
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In t eg ra t ion  o f   t he   t h i rd  term on the  LHS of Eq. 4 gives 

= R. ( 5 )  

which is the  moisture  budget  equation  for a u n i t  column over  each 

gr id   po in t .  It w a s  believed, however, t h a t  a moisture  balance  can- 

not  be  obtained a t  each  grid  point.  Therefore,  the  equation w a s  

integrated  over  an area, A ,  of  three  grid  distances  square.   Previous 

researchers had  used a s imi la r   rou t ine   except   tha t   averages  were 

taken  over much larger   regions,   enclosing  ent i re   cyclones  and i t s  

associated  weather.  Since  convective  systems are subsynoptic 

phenomena, a smaller area w a s  chosen i n   o r d e r   t o  show the  moisture 

budget in  the  region  immediately  surrounding  storms. Upon integra-  

t ion ,  Eq. 5 becomes 

where each term was divided by A ,  r e s u l t i n g   i n  g cm s as 

t h e   f i n a l   u n i t s .  

-2  -1 ., 

The terms on t h e  LHS of Eq. 6 are   the  local   ra te-of-change 

of  moisture,   the  horizontal   moisture  divergence, and t h e   n e t   v e r t i c a l  

boundary flux  of  moisture,   respectively.  By appl icat ion  of   the 

divergence  theorem, Eq. 6 Ilecomes 
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where V is defined by convention as posit ive  outward and L is the  

length of the  boundary  around area A. Equation 7 is  t h e   f i n a l  

form of the  moisture   budget   equat ion  used  in   this   research.   For  

convenience, q is rep laced   in  Eq. 7 by the  mixing  ra t io  which in t ro -  

duces  only a small e r r o r .  

n 
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5. METHODS OF EVALUATION OF TERMS  IN THE MOISTURE  EQUATION 

a.  Gridding of basic  data  fields 

Values of wind  and  mixing  ratio  were  interpolated  to  a  numerical 

grid  by  a  Fourier  analysis  scheme  developed  by  Barnes  (1964).  The 

grid,  shown  in  Fig. 5,  consists  of an 18 x 18 grid  point  array 

placed on a  conformal  conic  projection  which is true at 30' and 60° 

N. latitude.  The  map  factor  here  is  small  and  was  neglected.  A 

spacing of approximately 158 km exist  between  grid  points. It  is 

believed  that  this  grid  provides  the  best  possible  horizontal 

resolution  based  on  existing  rawinsonde  station  spacing  (Barr - et 

al. , 1971) . - 

Fig.  5.  Grid  used  for  numerical  computations. 
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A radius of influence of three  grid  distances  from  each  rawin- 

sonde  station  was  used  in  order to include  major  subsynoptic-scale 

systems  in  the  analysis.  Noise in  the'computations  was  kept  minimal 

by  allowing  only  four  iterations of the  Barnes  technique.  The  re- 

sulting  fields  were  smoothed  by  a  process  developed  by  Shuman (1957) 

to  prevent  spurious  amplification of high  frequency  meteorological 

phenomena  created  by  the  iterative  process.  The  values  of  the  in- 

terpolated  fields  were  averaged  over  a  depth of  50 mb and  computed 

at 50-mb'  intervals  from  900-350 mb. 

b. Local  changes 

The  local  rate-of-change  of  moisture  is  represented  by  the  first 

term on  the LHS of Eq. 7. The  evaluation of - was  performed 
at  each  grid  point  and  level  by  use of a  centered  finite  difference 

using  values  of  mixing  ratio at times  immediately  adjacent  to  the 

one  being  considered.  This  operation  was  performed at each  time 

except  for  the  first  and  last  time  periods  of  the  experiment  when  a 

forward  difference  and  backward  difference  scheme  was  used,  respec- 

tively. 

a q  
at 

The  values  found  at  each  grid  point  were  integrated  with  respect 

to  pressure  over an interval of 50 mb, utilizing  a  first  order  inte- 

gration  approximation.  The  method  used  was  the  trapezoidal  rule 

which  has  the  form  (f + f  )-where  the  f's  represent  the  values of 

- at the  adjacent  pressure  levels  and  h = 50 mb. For  two  values, 

this  amounts  to  simple  averaging.  This  process  was  continued  for 

each  layer  and  resulted  in  pressure-integrated  values of the  local 

change  of  moisture  for  50-mb  layers  from  900-350 mb. 

h 
1 2 2  

aq 
at 

As stated  previously,  the  area  integral  was  evaluated  over an 

area of three  grid  distances  square,  centered at each  grid  point. 

This  was  done  by  summing  the  eight  adjacent  grid  point  values  with 

the  point  they  surround.  This  value  was  multiplied  by  one  grid 

distance  square,  d , which  was  the  area  over  which  the  value at each 

grid  point  was  assumed  to  be  representative.  The  resultant  amount 

was  divided  by  the  total  area, A = (3d) , of the  nine  points  and 

2 
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placed a t  the   cen t ra l   g r id   po in t .   Div is ion  by g rav i ty  completed t h e  

evaluat ion  of   the term. 

c. Vertical Changes 

Ver t ica l ,   mot ion   in   th i s   research  w a s  computed using  the  kinematic 

s,cheme developed by O'Brien  (1970). The product  of  mixing  ratio  and 

v e r t i c a l  motion a t  each  grid  point w a s  calculated  for   every 50-mb 

leve l .  The n e t   v e r t i c a l  boundary f l u x  w a s  found by subt rac t ing   the  

upper-level  value from tha t   o f   t he   nex t   l eve l  below. The nine-point 

area-averaging  routine  that  w a s  descr ibed  in   the  previous  sect ion 

w a s  u t i l i zed   here .   Div is ion  by A and g rav i ty  completed the  evaluat ion 

o f   t h i s  term. 

d.  Horizontal  changes 

The i n i t i a l   s t e p   i n   e v a l u a t i n g   t h e   n e t   h o r i z o n t a l  boundary f l u x  

of  moisture w a s  t o  compute f i e l d s  of q times the  u,component  of 

veloci ty ,  and q times t h e  v  component of ve loc i ty  a t  each   gr id   po in t  

and level .  Each of these   f i e lds  w a s  in tegrated  separately  with re- 

spec t   to   p ressure  by the  method descr ibed  in   the  sect ion  concerning 

local  changes.   Using  these  pressure  integrated  f ields,   the  horizon- 

t a l  boundary f l u x   i n t o   t h e  area over which t h e   l o c a l  and v e r t i c a l  

changes  had  been  averaged w a s  computed. This   area i s  represented by 

the  sol id   l ine  in   the  schematic   diagram below. Each s ide   o f   the  

area w a s  segmented (as shown by the   dashed   l ines)   and   the   f lux  w a s  

calculated  individually  across  each segment.  This w a s  done by av- 

eraging  the two po in t s  on opposi te   s ides  o€ each  segment. Each av- 

erage w a s  mult ipl ied by the  length  of  the  segment,  d,  along which 

" . . .  "_ . ._ 
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it w a s  assumed constant.  Care w a s  t aken   in   the   averaging   process   to  

insure  that   the   pressure- int ,egrated  values   containing  the east-west 

ve loc i ty  component and  those  containing  the  north-south  velocity com- 

ponent were used  on the i r   respec t ive   s ides   o f   the  area boundary. - 
Since  the  net   hor izontal   boundary  f lux  of   moisture  w a s  defined 

by convention as positive  outward,  the s,igns of  the  averaged  values 

on the  w e s t  and  south  sides were taken  into  considerat ion.  The 

averages were then summed and the   resu l tan t   p laced  a t  t h e   c e n t r a l  

grid  point.  Evaluation  of  the  term w a s  completed by d iv id ing   t h i s  

f i n a l   v a l u e  by A and gravi ty .  

A s  s ta ted   p rev ious ly ,  by use of the  divergence  theorem  the  net 

horizontal  boundary  flux  can be replaced by the  moisture  divergence. 

This  quantity  can  be expanded i n t o  two Separate  components,  the 

moisture  concentration due to   veloci ty   divergence of the  wind. 

(ST-") and horizontal  moisture  advection  (V*$q).  Calculations  of 

these two terms were made for  purposes  of  comparison  with  the 

evaluation  of  the  net   horizontal   boundary  f lux- 
+ +  

-+ -+ 

The i n i t i a l  s tep   in   the   eva lua t ion  of qv*V w a s  t o   c a l c u l a t e  a 

f i e l d  of divergence,  using  centered  f inite  differences a t  every 

grid  point.   These  values were mult ipl ied by the  value of q a t  

t ha t   po in t .  The rest of the  evaluation  followed  the  pressure and 

area in t eg ra t ion  method descr ibed  in   the  sect ion  concerning  local  

changes.  Division by g rav i ty  and A completed the  calculat ion.  

Moisture  advection w a s  evaluated by f i r s t  computing  values 

of  the components  of ifs, us ing   cen tered   f in i te   d i f fe rences  a t  each 

grid  point.  Values  of uz and ?were summed for   each   gr id  

point .   Integrat ions  with  respect   to   pressure  and area were  per- 

formed as w a s  described  previously and d iv i s ion  by gravi ty  and 

A completed the  evaluat ion.  

as as 
aY 

e. Combination of terms  (residual)  

Three-hour  composites  of  hourly  precipitation  data  were  tabu- 

l a t e d  and p l o t t e d   i n   o r d e r   t o  be  analyzed  manually.  Values were 

assigned  to   each  gr id   point   according  to   the  analysis .   Integrat ion 
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with   respec t   to  area and d iv i s ion  by A, discussed  in  Previous set- 

t i o n s  , completed  the  evaluation. 
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6. RESULTS 

a. Relationships between MDR values and terms in  the  moisture  

budget  equation 

The computed values  of  the  individual terms of  the  moisture 

budget  equation  often became quite  large  in  the  convective  regions.  

Direct comparisons  of  the computed moisture   quant i t ies   to   s torms w a s  

made  by use  of  the MDR data.  These data  were placed on the  numerical 

g r i d  manually in   four   categories   of  MDR described  previously (MDR 1.1, 

MDR 2 2 ,  MDR 2 4,  MDR 2 8). Averages  of  the terms in  the  equat ion 

were made corresponding  to   the  individual   categories   of  MDR. From 

t h e s e ,   v e r t i c a l   p r o f i l e s  were constructed  to   determine  the  re la t ive 

magnitude  of  each  term i n  each 50-mb l aye r  from 900-350 mb. These 

p r o f i l e s  are shown throughout  the  discussion  that   follows. 

In  order  to  define  major  trends more clear ly ,   values   of   the  

mois ture   quant i t ies   in   the  50-mb l aye r s  w e r e  combined into  deeper 

layers .  The layers  chosen were 900-750 mb, 750-500 mb, and 500-350 mb 

which bes t   def ined   the   d i f fe ren t   reg ions  where individual  terms 

showed relative  importance.   In  the  following  sections,   analyses  of 

the   mois ture   quant i t ies   in  most of   these   l ayers   a re   p resented   a t  

0600 GMT on 24  and 25 April  1975. These  analyses were a t  the  t ime 

of maximum thunderstorm  act ivi ty   in   each  squal l   l ine   occurr ing  in  

the AVE I V  experiment and are representat ive of a l l  other  sounding 

t imes  unless   s ta ted  otherwise.   Surface  f rontal   posi t ions and 

radar-observed  convection are shown on  each  chart. A l l  p r ec ip i t a t ion  

of MDR 1 2 is enclosed by a heavy scalloped  l ine  with  thunderstorm 

areas (MDR 1. 4) indicated by shading.  Frequently,  reference is made 
i n   t h i s   s e c t i o n  toward  the most intense  thunderstorm  regions (MDR 

>- 8). Location  of  these  areas  can  be  found  in Appendix 11. 

1) Local  changes 

Vertical profiles  of  the  local  rate-of-change  of  moisture  are 

shown i n  Fig. 6. Below 750 mb, the  atmosphere w a s  characterized by 

moderate losses   of   moisture   local ly .  The g rea t e r   l o s ses  were found 

in   the   reg ions   o f   the  more intense  convection as indicated by MDR. 

This means t h a t   i n   t h e  environment  of  storms,  the  atmosphere w a s  
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F i q .  6. Vert ica l   p rof i les   o f   the   loca l   ra te -of -  
chanqe  of  moisture  related  to MDR. ( U n i t s :  
~ 0 - 6  g cm-2s-1).  

d r i e r  3 t o  6 h a f te r   convec t ive   ac t iv i ty   than  it w a s  3 t o  6 h 

before  the  storms. 

Above 750 mb, the change i n   t h e  amount of  moisture  with time 

w a s  much smaller.  Values  generally  stayed  slightly  negative  but 

showed l i t t l e  change regardless  of  storm  intensity.  

Analyses  of  the  local  rate-of-change  of  moisture a t  0600 GMT 

on 24 April  and 0600 GMT on 25 Apri l   appear   in   Figs .  7 and 8. 

Surface  f ronts  and precipi ta t ion  observed from radar   a re  shown i n  

each  chart  with  the  convective  areas  shaded. 

Figure 7 shows tha t   gene ra l ly  a wide area of moisture loss was 

p resen t   l oca l ly   i n   t he  900-750 m b  layer  around  the  convective  regions. 

The centers  of  negative  values were found some dis tance from the   a rea  

of strong  convection. The general   pat tern  obtained by a study of 

analyses a t  a l l  t imes  in   the  experiment   indicate   small   posi t ive areas 

ahead of t h e   s q u a l l   l i n e s  and s l igh t ly   l a rge r   nega t ive   a r eas   t o   t he  

rear. The convection was usual ly   located  in   the  negat ive  regions 

but downwind from the  center  of maximum loss .  

~- 
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(b) 0600 GMT, 25 April 1975. 

Fig. 7. Analyses of the local rate-of-change of moisture in the layer 
from 900-750 mb. (Superimposed are surface frontal positions 
and radar-observed convection.  Units:  x10-6g ~m-~s-l). 
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Fig. 8. Analyses of  the  local rate-of-change of mcisture  in the layer 
from 750-500 mb. (Superimposed are surface  frontal  positions 
and  radar-observed  convection.  Units:  x10-6g  cm-2s-1) . 
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The same genera l   pa t te rn   ex is ted  above 750 m b  t h a t  w a s  found 

below (see F,ig. 8) .  The values were almost half  as large as below, 

but  the  convection w a s  located more a long   the   d iv id ing   l ine  between 

pos i t i ve  and negat ive  areas  which yielded an  overal l   average of near 

zero.  This  confirms what w a s  found i n   t h e   v e r t i c a l   p r o f i l e s   i n   t h i s  

layer .  

Analyses  of  the  local  rate-of-change of moisture in   t he   l aye r  

from 500-350 mb (not  presented) showed the same pa t t e rns  as those 

in  Fig.   8.  However, since  the  moisture  content was very low, the  

actual   values  were a n  order  of  magnitude  smaller.  Thus,  the  local 

rate-of-change of water  vapor i n   t h i s   l a y e r  was q u i t e  min ima l .  

2 )  N e t  v e r t i c a l  boundary f l u x  

Past moisture  budget  studies  for  the most p a r t  have  ignored  the 

evaluation of t h e   n e t   v e r t i c a l  boundary flux  of  moisture.  In many 

previous  works,  the  atmosphere  has  been  considered  as a whole,  where 

the   ver t ica l   f low  of   mois ture  is measured  only a t   t h e   t o p  and  bottom 

of  the  atmosphere.   Since  the  vertical  motion is zero a t  t h e   e a r t h ' s  

surface and the  moisture  content is small a t  upper l e v e l s ,   t h i s  term 

becomes negligible.  This  assumption is val id   in   moisture   budgets  

used f o r   l o c a t i n g   a r e a s  of p rec ip i t a t ion .  However, t o  understand 

the  concentration  of  moisture  in  smaller  layers of the  atmosphere, 

e spec ia l ly   i n   r eg ions  of convection, it is necessary  to  consider 

t h e   e f f e c t  of t h i s  term. 

Figure 9 shows v e r t i c a l   p r o f i l e s   o f   t h e   n e t   v e r t i c a l  boundary 

f l u x  of moisture  (vertical  moisture  divergence)  averaged fo r  a l l  times 

i n   t h e   d i f f e r e n t  MDR categories.   In  the  lowest  layer (900-850 m b ) ,  

t he re  were large  losses  of  moisture due to  the  synoptic-scale  ver- 

t i c a l  motion.  Losses  were  the  greatest i n   t h e  most intense con- 

vective  regions,   averaging  over 4.0 x 10 g cm s . It  w i l l  be 

shown in  the  next   sect ion  that   these  losses   occurred  in   connect ion 

with  strong  horizontal   convergence  in  the same layer.  

-6 -2 -1 

These resul ts   agree  with  those  found  in  a study by  Ninomiya 

(1968). H e  de t ec t ed   l a rge   pos i t i ve   va lues   o f   ne t   ve r t i ca l  boundary 

flux  in  the  subcloud  layer  of  the  mesoscale  convergence  zones  over 
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Fig. 9. V e r t i c a l   p r o f i l e s  of t h e   n e t   v e r t i c a l  boundary 
f l u x  of mois ture   re la ted   to  MDR. (Units: 
x10-6g cm-2s-1) . 

the Sea of Japan. H i s  actual values were l a r g e r   t h a n   t h o s e   i n   t h i s  

study due probably t o  exceptionally  strong  horizontal  convergence  in 

the  area.  

The large  posi t ive  f lux  divergence  decreased  quickly  with 

decreasing  pressure and  by  750 mb had become negative.  Strong up- 

ward v e r t i c a l  motion w a s  p re sen t   i n  a l l  of  the  convective  regions 

and car r ied   l a rge  amounts  of moisture   out   of   the   surface  layer ,  

creating  an  area  of  large  f lux  convergence,  centered  in  the 750- 

700 m b  layer .  A average  of  nearly 4.0 x 10 g cm o f   v e r t i c a l  

f l u x  convergence w a s  found i n   t h i s   l a y e r   i n   t h e  areas of   s t ronges t  

thunderstorms. A secondary maximum w a s  found  from 500-450 m b  which 

probably w a s  due t o   t h e   f a c t   t h a t   t h e   v e r t i c a l  motion  reached i ts  

maximum value a t  the  bottom  of th i s   l ayer .   In   bo th   l ayers ,   the  areas 

of intense  convection were associated  with  the  largest   averag.e 

vertical   f lux  convergence  of  moisture.  

-6 -2s-1 

Vertical p r o f i l e s  of t h i s  term, constructed by F r i t s c h  (19751, 

relate w e l l  t o  the  ones  produced  here. Similar magnitudes of 
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flux  divergence were found i n  both  the  posi t ive  region  near   the 

ground  and the   nega t ive  area higher up. F r i t s c h  found the  region 

of maximum negat ive  f lux  divergence  s l ight ly   higher   than was found 

in   this   research.   This   probably w a s  due t o  a deeper moist layer  

near t he   su r f ace   i n   h i s   s tudy .  

Analyses   o f   the   hor izonta l   d i s t r ibu t ion   of   the   ver t ica l  flux 

divergence  of  moisture  for 0600 GMT on 24 and 25 Apri l  1975,  appear 

in  Figs.   10  through 1 2 .  Surface  fronts  and  radar-observed  precipi- 

t a t i o n   a r e  shown with  the--contrective areas shaded. 

A study  of  Fig.   10  indicates  that   large amounts of  moisture were 

flowing  out  of  the 900-750 m b  l a y e r   i n  areas of convection. The out- 

flow w a s  t he   s t ronges t   s l i gh t ly   t o   t he   ea s t   o f   t he  most intense 

region of convection (MDR 2 8) and  maintained t h i s   r e l a t i v e   p o s i t i o n  

during  the  l i fe t ime of each  individual   squal l   l ine .  The f a c t   t h a t  

t he  movement of  the  storms w a s  i n   t he   d i r ec t ion   o f   t he   cen te r s   i nd i -  

cates tha t   t he  n e t  v e r t i c a l  boundary flux  of  moisture  possible  aided 

in the  maintenance  and  continuing  development  of  the  storms. The 

flux  divergence w a s  not  strong  in  the  lower  layer a t   t h e  t i m e  of 

i n i t i a l  thunderstorm  development  but it grew rap id ly  and i t s  magni- 

tude  paralleled  the  intensity  of  the  convective  systems  soon a f te r  

their   formation. 

The convective  regions  in  Fig. 11 were characterized by large 

values  of  vertical   f lux  convergence.  This is shown espec ia l ly  w e l l  

a t  0600 GMT on 24 Apri l  where the  accumulation  of  moisture  into  this 

layer  exceeded 45 x 10 g c m  over  central   Missouri .  It must 

be remembered tha t   t hese  amounts represent  an  average  of  values 

over  an area of  three  grid  distances  square.   Again,  as i n   t h e   l a y e r  

below, the   cen ter  of the  large  negat ive  values  w a s  just east of the  

most intense  convection. 

-6 -2s-1 

Figure  12  indicates   the  extent  to  which  moisture w a s  accumulated 

through  vertical  motion  in  the  environment of storms. Values  exceeding 

15 x 10 g c m  were found i n   t h e  500-350-mb layer  Over north- 

eastern  Arkansas a t  0600 GMT on  25 April .   Occasionally,   large  values 

of ver t ical   moisture   divergence were  found  below 500 mb over  the 

s t r a t i f o r m   r a i n f a l l   a r e a s .  However, the  inflow  of  moisture  from 

-6 -2s-1 
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Fig. 10 

( I  -.- 
(a) 0600 GMT, 24 April 1975. 

(b) 0600 GMT, 25 April 1975. 

. Analyses of the net vertical boundary flux of. moisture in the 
layer from 900-750 mb. (Superimposed are surface frontal 
positions and radar-observed convection. Units: 
x10-6g  cm-2s-l) . 
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(b) 0600 GMT, 25 Apri l  1975. 

Fig. 11. Analyses   of   the   net   ver t ical  boundary f lux  of moisture   in  
t he   l aye r  from 750-500 mb. (Superimposed are surface 
f ron ta l   pos i t i ons  and radar-observed  convection.  Units: 
x10-6g cm-2s-1) . 
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v e r t i c a l  motion w a s  never  strong above 500 mb in   these   reg ions  which 

further  emphasizes  the effect  of t h e   n e t   v e r t i c a l  boundary f l u x   i n  

convective areas. 

Convection  sometimes  occurred i n  a region where it would not be 

expected by the  calculated  values   of   the   ver t ical   motion  in   the 

area.  For  example,  over  southern  Michigan a t  0600 GMT on 24 Apri l  

(Fig. l o a ) ,  the  opposi te   condi t ions  of   those  just   descr ibed  occurred.  

A region  of  strong downward motion  coincided  with  the  leading  edge 

o f   t he   f i r s t   squa l l   l i ne   g iv ing   an   i n s t an taneous   p i c tu re   oppos i t e  

t o   t h a t  found i n   t h e  rest of t he   squa l l   l i ne .  The s i tua t ion   d id  

not last long,  however,  since  the downward motion  acted as a con- 

s t r a in t   t o   t he   convec t ion .  A l l  p r e c i p i t a t i o n  had  ended i n   t h e  area 

3 h la ter  (see Appendix I1 f o r   t h e  MDR composite a t  0900 GMT on 

24  A p r i l ) .  

3)  Divergence 

Vertical p r o f i l e s  of the  concentration  of  moisture due t o   t h e  

horizontal  divergence  of  the wind (qff.3) a r e  shown in  Fig.   13.  The 
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Fig. 13. Vert ical   prof i les   of   the   moisture   concentrat ion 
due t o  wind d ivergence   re la ted   to  MDR. (Units: 
x10-6g  cm-2s-1) . 
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p r o f i l e s  show tha t   l a rge   quan t i t i e s   o f   mo i s tu re  converged  horizon- 

t a l l y   i n t o   t h e  areas covered by p r e c i p i t a t i o n .   V e r t i c a l l y ,   t h i s  

zone of  convergence  extended  from 900 mb to   a lmost  500 mb. The 

increase  of   moisture   in   the 900-850-mb layer  exceeded 6.0 x 10 g 

c m  s in   the  areas   covered by the most severe  s torns  (MDR 2 8) 

but  decreased  ragidly  with  decreasing  pressure.  Computed values 

were gene ra l ly   l a rge r   i n  a l l  l a y e r s   i n   t h e  more intense  regions of 

convection shown by the MDR data.  

-6 

-2 -1 

Ninomiya a l s o  found t h i s  term t o  b e   l a r g e   c l o s e   t o   t h e  ground. 

H e  observed  very  strong  horizontal  convergence  of the wind i n   t h e  

subcloud  layer  over  the Sea of  Japan.  This w a s  probably why he 

found larger  values  of q$eV than w a s  r evea led   i n   t h i s   r e sea rch .  
-+ 

-+ 
Analyses  of q?-V a t  0600 GMT on 24 April  and 0600 GMT on 25 

Apr i l   f o r   t he  900-750-mb and 750-500-mb layers  appear  in  Fig.  14 

and 15.  Surface  fronts  and  precipitation  have  been  superimposed as 

before. 

Indeed,  areas  of  large  increases  in  moisture from the  evaluat ion 
-++ 

of qv-V were  found in  the  convective  regions from 900-500 mb. Area- 

averaged  values a t  0600 GMT on 24 April   in  central   Missouri   ap- 

proached 50 x g cm s i n   t h e  900-750-mb layer  along. High- 

e s t   va lues   i n   t he  750-500-mb layer  reached  almost 25 x 10 g cm 

s a t  the same time.  This  indicates  that   horizontal   convergence 

of the wind occurred  throughout a deep  layer  of  the  atmosphere  in 

the  convective  regions. 

- 2  -1 

-6 -2  

-1 

Generally,  the  highest MDR values were l o c a t e d   s l i g h t l y   t o   t h e  

west or  northwest  of  these maximum cent ra l   va lues .   This   ind ica tes  

t ha t   l a rge  amounts  of moisture  converged  into  the  storm  areas  just  

ahead  of  the  squall   l ines,   thus  contributing toward t h e i r  mainte- 

nance.  Similar results were  found by  Hudson (1971)  and F r i t s c h  

(1975). 

Above 500 mb, values  of q$-V were q u i t e  small. Although the  
-+ 

moisture w a s  very low here,  the  level  of  nondivergence w a s  found 

near 500 mb which grea t ly   reduced   the   va lues   in   th i s   l ayer .  

It was  shown ea r l i e r   t ha t   t he   ve r t i ca l   f l ux   d ive rgence   o f  

moisture  did  not become well-developed u n t i l  some time a f t e r   t h e  



r 

33 

Fig. 

". J 
(a)  0600 GMT, 24  April  1975. 

(b) 0600 GMT, 25 A p r i l  1975. 

14 .  Analyses  of  the  moisture  concentration due t o  wind 
divergence  in   the  layer  from 900-750 mb. (Superimposed 
are sur face   f ronta l   pos i t ions  and radarabserved  
convection.  Units: x10-6g cm-2s-1) - 
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Fig. 15  

" 

(b) 0600 GMT, 25 Apri l  1975. 

1. Analyses  of t he  moisture concentration due t o  wind divergence 
i n   t h e   l a y e r  from 750-500 mb. (Superimposed are surface 
f r o n t a l   p o s i t i o n s  and  radar-observed  convection.  Units: 
x10-6g cm-2s-1). 
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i n i t i a l  development  of the  convect ive  system. A study  of  the  anal- 

yses of m . V  i n   t h e  900-750-mb l a y e r   a t  0000 GMT on bqth  days showed 

tha t ,   un l ike   the   ver t ica l   f lux   d ivergence ,  a well-defined  center of 

q$*V w a s  assoc ia ted   wi th   the   ear ly   s tages   o f   bo th  squall l i n e s .  

+ +  

+ 

Similar to the   ver t ica l   f lux   d ivergence ,   there  were times when 

the  calculated  values  of q?-V in   convect ive  areas  were oppos i t e   i n  

s i g n   t o  what was expected. The same s i t u a t i o n  used in   t he   p rev ious  

sec t ion  i s  discussed  here.  A review  of  the 0000 GMT ana lys i s  on 24 

Apri l  showed a large  area  of  moisture loss due to   hor izonta l   d iver -  

gence  over  Wisconsin. By 0600 GMT t h i s   a r e a  had moved to  southern 

Michigan  and met the   l ead ing  edge  of t h e   f i r s t   s q u a l l   l i n e   ( s e e   F i g .  

1 4 ) .  Although  convection  occurred  in  the  strongly  posit ive  area 

+ 

of  qQ-v,  the MDR da ta  3 h l a t e r  (0900 GMT) indicated no p rec ip i t a -  
+ +  

t ion  in  the  area.   Therefore,   even  existing  convection  diminished 

quickly when it encountered  positive  values  of  the  divergence of 

moisture. 

4) Advection 

V e r t i c a l   p r o f i l e s  of the  horizontal   moisture  advection  are 

shown i n  Fig. 16 .  I t  i s  seen reacTily tha t   t he   con t r ibu t ion   o f   t h i s  
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Fig.  16.  Vertical  profiles  of  the  moisture  advection 
r e l a t e d   t o  MDR. ( U n i t s :  x ~ O - ~ C J  Cm-2S-1 1 .  
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term was very  snal l   in   the  lower  layers   of   the   a tmosphere compared 

t o  &*;. T h i s   r e f l e c t s   t h e   f a c t   t h a t   t h e  moisture content   c lose 

t o   t h e  ground w a s  nearly  constant  over  the  convective areas. Unlike 

the terms discussed  previously,   the   intensi t ies   of   thunderstorms 

d id   no t   a f f ec t   t he  magnitude  of t h i s  term 1i.e. profkles  of mois- 

ture   advect ion  in   convect ive  regions were n o t   d i s t i n c t l y   d i f f e r e n t  

from the  one for  nonconvective  areas). The l a rges t   con t r ibu t ion  

w a s  made i n   t h e  middle l aye r s  where posit ive  moisture  advection  oc- 

curred  in   associat ion  with a l l  regions  of   precipi ta t ion.  

Analyses  of  the  moisture  advection a t  0600 GMT on 24 April  and 

0600 GMT on 25 Apr i l   i n   t he  900-750- and 750-500-mb layers  appear 

in   Figs .   17 and  18.  Surface  fronts  and  precipitation  are shown as 

before. 

The small values  of  moisture  advection  indicated a t  low l e v e l s  

by t h e   p r o f i l e s  were  confirmed  here.  There was a general  tendency 

throughout  the  atmosphere  for  negative  values  of  advection  ahead of 

the  s torms  and  posi t ive  values   in   the rear wi th   t he   squa l l   l i ne   l o -  

cated between them. For the  most par t ,   the   mois ture   advec t ion   in  

the  lower l aye r s  a t  t he  times shown w a s  r a t h e r  weak al though  larger  

values  occurred  occasionally a t  o the r  times of  the  experiment. How- 

ever,  even  then,  the  convection w a s  posit ioned between the   pos i t i ve  

and  negative areas of  advection which still r e s u l t e d   i n  small aver- 

aged  values   in   the  individual  MDR categories .  

I n   t h e  700-500-mb layer,   the  centers  of  moisture  advection 

were more well-defined  and  the  quantity w a s  s l i g h t l y   l a r g e r   i n  ab- 

solute   value.  The reg ions   o f   p rec ip i ta t ion  were located more i n  

the   pos i t ive   a reas  which accounted  for   the  re la t ive maximum of  the 

tern i n   t h e   v e r t i c a l   p r o f i l e s .  

Above 500 mb (no f igu re  shown), t he  term w a s  again small i n  

ac tua l   va lue   bu t  gave the   l a rges t   hor izonta l   cont r ibu t ion .  The 

patterns  of  moisture  advection were t h e  same as were found i n  lower 

layers .  

5)  Combination  of terms 

i. Net horizontal   f lux.  The combination  of  the  moisture con- 

cen t r a t ion  due to   horizontal   veloci ty   divergence and the  moisture 
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Fig. 

(a) 0600 GMT, 24 April 1975. 

(b) 0600 GMT, 25 April 1975. 

, 17. Analyses of the moisture advection in the layer from 900- 
750 mb. (Superimposed are surface frontal positions and 
radar-observed convection.  Units : ~ l O - ~ g  cm-2s-1) . 
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(b) 0600 GMT, 25 Apri l  1975. 

Fig. 18. Analyses  of the  moisture   advect ion  in   the layer from 750- 
500 mb. (Superimposed are surface  f rontal   posi t ions  and 
radar-observed  convection.  Units: ~ l O - ~ g  cm-2s-1) . 

.. . . . . . ... . . . . . . - . ..... 
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advect ion  yields  the horizontal  moisture  divergence. As shown i n  Eq. 7, 

t h i s  is equa l   t o   t he  n e t  horizontal  boundary flux of moisture.  These 

two names are   used  interchangeably  in   the  fol lowing  discussion.  

Vertical p r o f i l e s   o f  the t e r m  appear in   F ig .   19 .  A l a rge  amount 

of convergence  occurred i n   t h e  lower l aye r s  of the  atmosphere.  This 

region  of  convergence  extended  vertically  to  about 700 m b  and w a s  

t he   s t ronges t   i n   t he  areas where convection w a s  most intense.  Above 

about 700 mb the   quant i ty  was s l i g h t l y  positive up t o  350 mb. Fank- 

hauser  (1965) , Ninomiya (1971) , and F r i t s c h  (1975) showed similar 

p r o f i l e s  of horizontal   moisture  divergence a t  t h e  boundary  of  thun- 

derstorm  regions.  Actual  values of the  t e r m  d i f f e red  somewhat, but  

t h i s   cou ld  be explained  by  differences  in  the  individual  systems 

being  studied. 

By comparing  Fig.   19  with  the  profiles  in  Figs.   13 and  16, it 

was de termined   tha t   the   ne t   hor izonta l  boundary f l u x  w a s  dominated 

by q$aV i n   t h e  lower layer of  the  atmosphere.  Moisture  advection 

became important above about 800 m b  and  due to   t he   dec rease   i n  

value  of $0; caused  the  quantitv  to change s ign between 750 and 

650 mb. 
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Fig.   19.   Vert ical   prof i les   of   the   net   hor izontal  boundary 
f lux  of mois ture   re la ted   to  MDR. (Units: 
x1o-6g cm-2s-1). 
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Analyses  of  the  net   horizontal   boundary  f lux a t  0600 GMT on 

24 April  and 0600 GMT on 25 A p r i l   i n   t h e   l a y e r s  from 900-750 mb, 
and 750-500 mb, appear i n   F igs .  20 and 21. Surface  fronts  and  pre- 

c i p i t a t i o n  are indicated as before.   These  charts  represent  the  to- 

t a l  contr ibut ion by synoptic-scale  horizontal  motions  toward  the 

moisture  budget  of  the  atmosphere. 

The pat tern  of   net   hor izontal   boundary  f lux  in   the  layer  from 

900-750 m b  shown in   F ig .  20b w a s  t he  most representa t ive   o f   the  

pa t t e rns  found a t  the  other  hours of  the  experiment. The p a t t e r n  

is very similar t o   t h a t  found by the   evaluat ion  of  q7.V alone  (see 

Fig.   14b).  However, moisture  advection w a s  important a t  0600 GMT 

on 24 April .  Two separa te   a reas  of large  posi t ive  advect ion,   over  

Oklahoma and the  Midwest (Fig. 17a), aligned  with  strong  convergence 

in   central   Missouri   (Fig.  14a) and r e s u l t e d   i n  a very  well-defined 

area of horizontal   moisture  convergence  over  central   Missouri   . (Fig.  

20a). The cent ra l   va lue ,  50 x 10 g c m  s , w a s  on ly   s l i gh t ly  

larger   than  that   found  in   the  evaluat ion  of  qV*V, but  the  moisture 

advection  increased  the  gradient  of  the term i n   t h e  area. 

-+ 

-6 -2 -1 

-++ 

Figure 2 1  represents   the  net   hor izontal   boundary  f lux  in   the 

750-500 m b  l ayer .   Genera l ly ,   the   pa t te rns   here  were very  s imilar  

t o  the ones  found i n  the  evaluat ion  of   moisture   advect ion  in   the.  

same layer .  The ana lys i s   i n   F ig .  21b  showed t h e   p a t t e r n   t h a t  w a s  

found  most of ten,   consider ing a l l  sounding times. Large  negative 

values were  found  ahead  of t he   squa l l   l i ne   wh i l e   pos i t i ve  amounts 

ex i s t ed   i n   t he   r ea r .   I n   t he  immediate area of  convection, q9-v’ 
was s t i l l  large which  gave  emphasis t o   t he   nega t ive  areas. 

The ana lys i s  a t  0600 GMT on 24 Apri l  showed a s i t u a t i o n  when 

the   pa t te rns  were not  the same as the  general   case  just   described. 

This w a s  due primarily  to  changes from the  usual   pat tern  of  mois- 

ture   advect ion.  The f i e l d  of q9-C was s t rong  in   the  convect ive 

a reas  so t h e   r e s u l t a n t   f i e l d  w a s  q u i t e   d i f f e r e n t  from i ts  regular 

appearance. 

The en t i r e   ana lys i s   o f   ne t   ho r i zon ta l   f l ux   i n   t he  500-350 mb 

l ayer   (no t  shown)  was dominated by the  advection of moisture.  This 
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(b) 0600 GMT, 25  April  1975. 

Fig.  20.  Analyses of  the net  horizontal  boundary flux of moisture  in 
the  layer  from  900-750 mb. (Superimposed  are  surface  frontal 
positions  and  radar-observed  convection.  Units: 
x10-6g  cm-2s-1). 
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(a) 0600 GMT, 24 April 1975, 

Fig. 21. Analyses of  the  net  horizontal boundary flux  of moisture in 
the layer  750-500 mb. (Superimposed  are  surface  frontal 
positions and radar-observed  convection.  Units: 
~ 1 0 - 6 ~ ~  cm-2s-1). 
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is only  obvious  since  the  level  of  nondivergence w a s  found i n  t h i s  

layer ,   thus ,  q 9 - V  w a s  small. 
-t 

ii. Residual.  Subsequent to  the  complete  evaluation  of  the 

LHS of Eq. 7, t h e  terms w e r e  summed i n  each 50-mb l aye r  and r e l a t e d  

t o  MDR data-. Vertical p ro f i l e s   o f   t he   r e su l t i ng   r e s idua l  are shown 

i n  Fig. 22. 

A large  negat ive  res idual   of   moisture   occurred  in   the  lower 

layer  of the  atmosphere  with  the  regions  of more intense  convection 

showing t h e   g r e a t e s t   d e f i c i t .   I n  a l l  areas o f   p rec ip i t a t ion  (MDR 

2 2), the   average  res idual  found i n  each 50-mb l a y e r   f o r   t h e  lower 

200 mb w a s  about  -1.5 x g c m  sec . However , within  the 

region  of  intense  convection (MDR 2 8 ) ,  the  values  averaged  over 

twice as much. 

-2 -1 

Above 700 mb the  residual  decreased  considerably  but  generally 

stayed  negative  throughout  the  atmosphere.  For  the most pa r t ,   t he  

convective  areas  continued t o  possess   the   l a rges t   res idua l  of 

moisture  and a secondary maximum of  negative  values  appeared  in 

these  regions’from 500-450 mb. Conversely, i n   t h e  areas where 
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Fig. 22 .  Vertical prof i les   o f   the   res idua l  of moisture 
r e l a t e d   t o  MDR. (Units: x10-69  cm-2s-1). 
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the re  w a s  l i t t l e  o r  no p r e c i p i t a t i o n  (MDR 5 l ) ,  small gains  of mis- 

t u r e  were found in   every   l ayer  below 500 mb. 
Analysis   of   the   res idual  a t  0600 GMT on 24 and 25 A p r i l   i n   t h e  

900-750-mb,  750-500-mb, and 500-350-mb layers   appear   in   Figs .  23 

through 25. Surface  f ronts  and p r e c i p i t a t i o n  are shown as before. 

Large  negative  values  of  the  residual term were found i n  and 

around  the  squal l   l ines  on both  days  throughout much of   the atmo- 

sphere. The  750-500-mb l aye r  showed the  largest   imbalance  with 

nearly 55 x 10 g s-l of  moisture loss over  central   Missouri  

a t  0600 GMT on 24 April  (Fig. 24a ) .  However, the 500-350-mb l aye r  

a l so   exhib i ted   l a rge   losses  on the  25th  (Fig.   25b),  which w a s  due, 

f o r   t h e  most pa r t ,   t o   t he   l a rge   nega t ive  vertical flux  divergence 

in   the   reg ion .  

-6 

In   o rder   to   de te rmine   the   re la t ionship  among a l l  t h e  terms, 

averages  of  each term w e r e  t aken   for  a l l  times i n . t h e   d i f f e r e n t  

MDR categories .  The l aye r s  shown in   the   ana lyses  were used  since 

these seemed t o   i s o l a t e   s t r o n g   d i f f e r e n c e s   i n  some of   the terms 

individual ly .  The r e s u l t s  are shown i n  Table 11. 

In no case  could a term  be  excluded  from  the  moisture  budget 

equat ion  for   the  ent i re   a tmosphere.  Each term showed  some impor- 

t ance   i n  a t  least  one   l ayer   regard less   o f   the   in tens i ty  of the 

p r e c i p i t a t i o n   i n   t h e   a r e a .  However, t he re  were seve ra l   s i t ua t ions  

where a term w a s  not   important   in  a pa r t i cu la r   l aye r .  

Tables   I Ia  and I Ib   gene ra l ly  showed t h e  same r e s u l t ;  a l l  the 

terms  had some importance in   each  layer .  The only  exception w a s  

the  divergence  term which could  be  neglected  from 500-350 mb and 

w a s  small i n   t h e  750-500-mb layer.  Conversely, q?=V w a s  qu i t e  

strong  in  the  lowest  layer,   dominating  the  equation  in  Table IIa. 

+ 

In   t he   p rec ip i t a t ion   a r eas  (Tables IIe, I Id ,  and I I e ) ,   t h e  

r e s u l t s  were q u i t e   d i f f e r e n t .  The local  rate-of-change  could  be 

neglected  above 750 mb. Its magnitude w a s  very  large  in   the  lowest  

layer ,  compared to   h igher  up, but it w a s  still small when compared 

t o   t h e   l a r g e r  terms i n  the  layer.   Nevertheless,  it w a s  not small 

enough t o   n e g l e c t  its influence on the   to ta l   ba lance   o f   mois ture   in  

the  lowest  layer.   These  results are supported by those  of  Bradbury 
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(a) 0600 GMT, 24 April 1975. 

(b) 0600 GMT, 25 April 1975. 

Fig.  23. Analyses of the residual of moisture in the. layer from 
900-750 mb. (Superimposed are surface frontal positions 
and radar-observed convection. Units : ~ l O - ~ g  ~rn-~s-l) . 
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i- " i 
(a) 0600  GFT. 24 A m i 1  1975. 

Y ".- 
(b) 0600 GMT, 25 April 1975. 

Fig. 24. Analyses of the residual of moisture in the layer from 
750-500 mb. (Superimposed are surface frontal positi ns 
and radar-observed convection.  Units : X10-6g cm-2s-P) - 
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Fig. 25. Analyses of the residual of moisture in  the layer from 
500-350 mb. (Superimposed are surface frontal positions 
and radar-observed convection.  Units: ~ l O - ~ g  cm-2s-1) . 
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T a b l e  11. Averages of each term in  the  moisture   budget  e ua t ion  
i n   t h e   l a y e r s   i n d i c a t e d   r e l a t e d  t o  values of MDR (Units: x l d g   ~ r n - ~ s - l ) .  

a .  A l l  po in t s  

N e t  
Vertical 

Flux 

N e t  

Flux  Divergence  Advection 
Horizontal   Horizontal   Horizontal  Local 

Change Layer Residual 

500-350 
750-500 
900-750 

-0.3 
-0.7 
-1.1 

-0.7 
-1.8 

1.5 

0.5 0 . 1  0.5 
2.2 -0.4  2.5 

-1.2 -2.8 1.6 

-0.6 
-0.4 
-0.9 

b. MDR 0-1 

500-350 
750-500 
900-750 

0:4 0.0 0 .3  
2.7 0.6 2 . 1  
0.9 -1.1 2 .o 

-0.4 
-0.8 
-1.0 

-0.1 
-0.8 
0.7 

-0.1 
1.1 
0.6 

C. MDR 2-9 

500-350 
750-500 
900-750 

-0.2 
-0.4 
-1.4 

-2.3 
-4.4 

3.4 

1 .o 0.2  0.7 
0.8 -2.8  3.5 

-6.4 -7.1 0.6 

-1.6 
-4.0 
-4.5 

d.  MDR 4-9 

500-350 
750-500 
900-750 

0 .2  
0.6 

-2.7 

-2 .8  
-5.2 

3.6 

1.0 0.3  0.8 
1.4 -3.4  4.6 

-7.7 -8.6  0.7 

-1.6 
-3.2 
-6.8 

e .  MDR 8-9 

500-350 
750-500 
900-750 

-0.2 
-0.9 
-4.6 

-3.4 
-8.5 

5.3 

1.1 0.6  0.5 
0 .o -3.9 3.5 

-11.6 -12.9  0.9 

-2.5 
-9.4 

-10.9 
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(1957). She a l s o  found that  the  local  rate-of-change  of  moisture 

w a s  important  but smaller than   the   ne t   hor izonta l  boundary f l u x  from 

t h e  ground t o  400 mb. The term became much l a rge r  however, a t  t h e  

times of   s t rong  thunderstorm  act ivi ty .  

Con t ra ry   t o   t h i s ,  Ninomiya (1968)  found the   l oca l  change  of 

moisture t o  be negl ig ib le   in   the   subc loud   layer .  H e  evaluated it 

as a t  least an order  of  magnitude smaller than  the  horizontal  and 

ver t ical   d ivergences.  However, h i s  work w a s  performed  over  the 

Sea  of  Japan  and large  values  of  moisture  content would be f a i r l y  

constant   in   the  subcloud  layer .   This  would tend  to   keep  the  local  

change of moisture  from becoming very  large.  

The n e t   v e r t i c a l  boundary f l u x  of moisture was la rge   in   every  

layer ,   contr ibut ing  the most above 750 mb. The increase   o f   th i s  

quan t i ty   i n  a l l  l aye r s   a s   t he   s to rms  became more severe  (higher 

MDR values) , is  indicated  qui te   wel l   here .  

The importance  of  each  of  the  horizontal terms w a s  d i f f e r e n t  

from  one layer  to  the  next.   Moisture  advection  could be neglected 

in   t he  900-750-mb layer,  whereas  the  divergence  term w a s  much l a rge r  

and  dominated the  equat ion.  In  the  middle  layer,  moisture  advection 

and q$*V were almost  equal i n  magnitude  and  individually were as 
+- 

important   as   the  net   ver t ical   boundary  f lux.  However, they were 

always  opposite  in  sign which r e s u l t e d   i n  a smal l   to ta l   hor izonta l  

contr ibut ion  of   moisture   in   this   layer .  Above 500 mb, the  moisture 

advection w a s  genera l ly   l a rger   than  q?*V except   in   the  area of   the 

most intense  storms where they were equal.   Nevertheless,   in  the 

atmosphere as a whole, qv-V g r e a t l y  outweighed the  importance  of 

moisture   advect ion.   This   direct ly   agrees   with  the  resul ts  found 

by Palm& and  Holopainen  (1964). 

+ 

+-+ 

b. Relationships between  terms i n  the  moisture  budget  equation 
and MDR values 3 h later 

It w a s  indicated i n  several   of   the  terms discussed  previously 

t h a t  Large  amounts  of  moisture  accumulated s l i g h t l y   t o   t h e   e a s t  

of t h e  most intense  area  of  storms (MDR 2 8; l oca t ed   i n  Appendix 11). 

Since  the movement of   bo th   squa l l   l ines  w a s  eastward, a comparison 
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w a s  made between the computed fields  of  moisture  and MDR d a t a  3 h 

l a t e r .  Due to   t he   f ac t   t ha t   some . t ime   l ag  is involved  between  the 

i n i t i a l   c o l l e c t i o n  of water vapor i n  a region  and the formation  of 

r a i n  (i.e. storms),  it w a s  thought  that   the  lagging  process would 

y i e l d  a b e t t e r   r e l a t i o n s h i p  between  computed q u a n t i t i e s  of moisture 

i n   t h e  atmosphere  and  the la ter   occurrence  of   convect ive  act ivi ty .  

1) Local  changes 

Vertical p r o f i l e s  of the  local  rate-of-change  of  moisture 3 h 

previous  to  convection  indicated by MDR data  appear  in  Fig.  26. 

These show tha t ,   in   genera l ,   changes  of moisture were small  through- 

ou t   t he  atmosphere 3 h previous  to  storm  occurrence. 

Except f o r   t h e  lower  100 mb, t h e   p r e c i p i t a t i o n  areas were re-  

presented by a small gain of  moisture  locally up t o  350 mb. The 

la rges t   va lues  were found  from  about 800 mb t o  600 mb i n   t h e  area 

of  the most intense  convect ion.   This   indicates   that   in   the  areas  

of convect ion  that   exis ted 3 h after  each  sounding,  the  atmosphere 

was s l i g h t l y  mre moist a t  the  sounding  time  subsequent  to  the  time 
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Fig.   26.   Vert ical   prof i les  of the  local   ra te-of  
change of mois ture   re la ted   to  MDR lagged 
by 3 h.  (Units:  ~ l O - ~ q  cm-2s-1) . 
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of  observation  than  the  preceding time. This seems only   log ica l  

since  the  comparison  here is between the  moisture   content   in   the 

area where convection i s  present  and i t s  va lue   i n   t he  same area 

6-9 h  before. 

Analyses  of  the  local  rate-of-change  of  moisture a t  0600 GMT 

on 24 April  and 0600 GMT on 25 Apri l   appear   in   Figs .  27 and 28. 

Superimposed is  radar-observed  convection  lagged by 3h. 

The lagging  of  the MDR data  had the   e f f ec t   o f  moving the convec- 

t i o n  away from the  areas   of   negat ive  local  change  toward more 

posit ive  regions.   This happened, generally,   throughout  the  greater 

pa r t   o f   t he  atmosphere  and w a s  the  reason  for  the  change toward 

pos i t ive   va lues  on the   p ro f i l e s .  

2 )  N e t  v e r t i c a l  boundary f l u x  

Vertical p r o f i l e s  of t h e   n e t   v e r t i c a l  boundary f lux  of  mois- 

ture   appear   in   Pig.  29. A s  w a s  t rue   in   the   case   wi th  no t ime  lag 

of MDR data,   a  large  outflow  (posit ive  f lux  divergence) of .moisture 

occurred i n   t h e  lower layers   of   the   a tmosphere  in   regions  of  

p rec ip i t a t ion .  The g r e a t e s t   l o s s e s  were  found i n   a r e a s  where MDR 2 4; 

however, d e f i c i t s  were about  the same i n   a l l   r a i n f a l l   a r e a s   r e g a r d -  

less of s torm  intensi ty .  

Above 800 mb, there  w a s  a net  gain  of  moisture due t o   v e r t i c a l  

motion. The increases  continued up t o  350 mb and  were  dominated  by 

lower  values  of MDR than w a s  t r u e  when no l ag  w a s  used. MDR 2 8 

w a s  associated  with  the  largest   values   of   net   ver t ical   boundary  f lux 

only  from 800-750 mb. Above th i s   l aye r ,   l e s se r   va lues   o f  MDR were 

found in   t he   l a rges t   f l ux   d ive rgence  areas. 

Analyses of t h i s  term a t  0600 GMT on 24 April  and 0600 GMT on 

25 April   appear  in  Figs.  30 through 32 where t h e   p r e c i p i t a t i o n  3 h 

l a t e r   h a s  been  superimposed. A s tudy  of   the  char ts   revealed  that  

i n  a l l  layers  the  convective  systems 3 h l a t e r  were more c lose ly  

aligned  with  the  centers  of maximum flux  divergence  than when MDR 

w a s  no t   l agged .   In   ear l ie r   resu l t s ,  it w a s  supposed t h a t   t h e   c e n t e r s  

o f   t h e   n e t   v e r t i c a l  boundary f l u x  of moisture  which were loca ted   eas t  

of the s q u a l l   l i n e ,  might ind ica te   the   p refer red  area for  continued 

storm  development. The resu l t s   show  here   suppor t   the   Suppos i t ion .  
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Fig. 27 

(b) 0600 GMT, 25 Apri l  1975. 

I .  Analyses  of the   loca l   ra te -of  change of moisture   in   the 
l aye r  from 900-750 mb. (Superimposed is radar-observed 
convection  lagged  by 3 h.  Units: x10-6g m-2s-1). 
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(a) 060d GMT, 24 April 1975. 

Fig. 28. Analyses of the local rate-of-change of moisture in the 
layer from 750-500 mb. (Superimposed is radar-observed 
convection lagged by 3 h. Units: X 1 0 - 6 g  cm-2s-1) - 
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Fiq. 29. Ver t i ca l   p ro f i l e s   o f   t he   ne t   ve r t i ca l  
boundary f lux  of   moisture   re la ted  to  
MDR lagged by 3 h. (Units: 
x10-6g cm-2s-1) . 

I n   o r d e r   t o   i n d i c a t e   t h i s  more convincingly,  the  beginning  of 

the  second s q u a l l   l i n e  w a s  examined more closely.  I t  w a s  s t a t ed  

previous ly   tha t  it w a s  some time a f t e r   t h e   i n i t i a l  development  of 

t he   squa l l   l i ne   t ha t   t he   ne t   ve r t i ca l  boundary f lux  became l a r g e   i n  

the   l ayer  from 900-750 mb. However, by  looking a t   t h e   f l u x   d i v e r -  

gence in   t he   l owes t  50-mb layer  of  the  atmosphere measured by t h i s  

research (900-850 m b ) ,  it w a s  observed  that   favored  regions  of con- 

vect ion were ind ica ted   in   the   ear ly  development s tages .  

Analyses of t h e   n e t   v e r t i c a l  boundary f lux  a t  2100 GMT on 24 

A p r i l   i n   t h e  900-850-mb layer   appears   in   Fig.  33. MDR data  a t  2100 

GMT and 0000 GMT on 25 Apr i l  have  been  superimposed. A study  of 

t he   cha r t s   r evea led   t ha t   t he   squa l l   l i ne  which  had  formed  by 0000 

GMT on 25 Apri l  w a s  r e l a t e d   t o   t h e  computed f i e l d s   o f   v e r t i c a l   f l u x  

divergence 3 .h previously.   In   the  next   layer  above  (850-800 mb) , 
a net  gain  occurred  over  the same area. This   ind ica tes   tha t   the  

synoptic-scale  vertical   motion w a s  not  developed enough a t  t h i s  time 
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i-. J 
(a) 0600 GMT, 24 April 1975. 

(b) 0600 GMT, 25 April 1975. 

F i g .  30. Analyses of the  net  vertical boundary flux of moisture i n  
the  layer from 900-750 mb. (Superimposed is radar-observed 
convection  lagged by 3 h .  Units: x10-6g ~ m - ~ s - ~ )  . 
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Fig. 31. Analyses of t h e   n e t   v e r t i c a l  boundary f l u x  of mois ture   in  
the   l ayer  from 750-500 mb. (Superimposed is  radar-observed 
convection  lagged by 3 h.  Units : x10-6g cm-2s-1) . 
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(a) 0600 GMT, 24 April 1975. 

Fig.  32.  Analyses of the net  vertical  boundary flux of moisture in 
the  layer  from  500-350 mb. (Superimposed is radar-observed 
convection  lagged  by 3 h. Units: x10-6g cm-2s-1) . 

I 
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(a)  Superimposed  is  radar-observed  convection 
at 2100 GMT on 24  April 1975. 

i-. -\ 
(b) Superimposed is radar-observed  convection 

at 0000 GMT on  25  April  1975. 

Fig. 33. Analyses of the net  vertical  boundary  flux of moisture 
at 2100 GMT on 24  April  1975  in  the  layer  from  900-850 
mb. (Units: ~ 1 0 - 6 ~ ~  cm-2s-1) . 
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t o   t r a n s p o r t   l a r g e  amounts  of  moisture  vertically  to  be  used  in  the 

formation  of  the  thunderstorm  system. 

I n   t h e  vertical p ro f i l e s ,   t he   ave rages   o f   t h i s   quan t i ty   i n   t he  

region  of  the most intense  storms (MDR 2 8) had  dropped  from i ts  

value 3 h earlier. The reason  for   this   can  be found by a c lose  

examination  of  the MDR data.  The  maximum in t ens i ty   o f  each squa l l  

l i n e  w a s  a t  0600 GMT on both  days. However, l e s s   i n t ense  convec- 

t ion  cont inued  af terwards  for   the  next   s ix   hours .  By 0900 GMT, 

there  were  fewer MDR 1 8  but  more MDR 1 4 .  The less intense con- 

vection had simply  replaced  the  intense  storms  that  had weakened 

from 3 h earlier. 

The ex ten t   o f   th i s  was  shown strongly by comparison  of the  ver- 

t i c a l   p r o f i l e s   i n   F i g s .  9 (p. 26)  and 27. The extreme  values  of MDR 

1 8 dropped s u b s t a n t i a l l y  when t h e  MDR w a s  lagged.  Conversely, 

the  average  values  of  the  vertical   f lux  divergence  in areas of MDR 

2 4 were la rger   in   absolu te   va lue   in   every  50-mb layer  below 550 mb 

when the   radar   da ta  were  lagged by 3 h than when data  were  not  lagged. 

3)  Divergence 

V e r t i c a l   p r o f i l e s  of the  moisture  concentration due t o   h o r i -  

zontal  divergence  appear  in  Fig. 34 where the MDR data  lagged  the 

computed f i e l d s  by 3 h. A l a rge  amount of  moisture  converged  hori- 

zon ta l ly   i n to   t he   p rec ip i t a t ion   r eg ions   i n   t he   l aye r s  below 600 mb. 
Analogous to   t he   r e su l t s   conce rn ing   t he   ne t   ve r t i ca l  boundary 

flux,  the  averages  of qT8V i n  areas where MDR 2 4 increased when 

the  radar   data  were lagged 3 h,   despi te   the  large  reduct ion of 

averaged  values  in  areas  of MDR 2 8 from 3 h earlier. The change 

of   the  averages  in   the most intense  storm  areas  represented  the 

most no tab le   d i f f e rence   i n   t he   p ro f i l e s  from the  ones where there  

w a s  no lag  of   radar   data .   Except   in   these  s torm  areas ,   the   prof i les  

were e s s e n t i a l l y  unchanged  above 750 mb. 

-f 

Analyses of the  concentration  of  moisture  due t o   h o r i z o n t a l  

divergence a t  0600 GMT on 24 Apri l  and 0600 GMT on 25 April  are 

shown in   F ig .  35 and 36 where the  MDR da ta  a t  0900 GMT has  been 

superimposed on the  respective  days.  
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Fig. 34. Vert ical   prof i les   of   the   moisture   concentrat ion 
due t o  wind d ivergence   re la ted   to  MDR lagged by 
3 h. (Units: x10-69 cm-2s-l). 

Fig. 35 i n d i c a t e s   t h a t   t h e r e  w a s  a c lose r   r e l a t ionsh ip  between 

the  computed f.ields  of qvoV and MDR 3 h later than  the  radar   data  

a t  t he  same time. The r e l a t ionsh ip  on 24 Apri l  w a s  on ly   s l i gh t ly  

be t t e r   bu t  it w a s  much improved  on 25 April .  The values of q v * V  a t  

0600 GMT on the  25th showed an  elongated maximum from c e n t r a l  Ken- 

tucky to  southeastern  Arkansas.  There w a s  some evidence  of a double 

center ,  one a t  each  end  of  the maximum area. There w a s  no indicat ion 

o f   t h i s   t ype   o f   s t ruc tu re   i n   t he  MDR data  a t  0600 GMT. However, a t  

0900 GMT, the  MPR data  show t h a t  development  had  continued i n   t h e  

region where q9.V w a s  a maximum, over  southeastern  Arkansas,  and had 

remained  strong  in  central  Kentucky. This  suggests  that ,   analogous 

t o   t h e   n e t   v e r t i c a l  boundary f l u x  of moisture,   the  areas  of  the 

s t ronges t   convec t ion   in   the   squa l l   l ines  were indicated from com- 

puted  f ie lds   of  q9-V’ 3 h e a r l i e r .  

+ +  

+ +  

+ 

Observations of q$*V a t  2100 GMT on 24 Apr i l   i n   t he  900-850-mb 
-f 

l aye r  showed, similar t o   t h a t  found  with the n e t   v e r t i c a l  boundary 

f lux,  a favored  location  for  storm  development 3 h before a s t rong 

s q u a l l   l i n e  w a s  indicated by radar.  Figure 37 shows the   ana lys i s  



35. 



62 

(a)  0600 GMT, 24 April 1975. 

(b) 0600 GMT, 25 April 1975. 

Fig.  36. Analyses of the moisture concentration due to wind 
divergence in the layer from 750-500 mb. (Superimposed 
is radar-observed convection lagged by 3 h. Units: 
x10-6g  cm-2s-11 . 
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(a) Superimposed is radar-observed convection 
at 2100 GMT on 24 April 1975. 

(b) Superimposed is radar-observed convection 
at 0000 GMT on 25 April 1975. 

Fig. 37. Analyses of the moisture concentration due to wind 
divergence at 2100 GMT on 24 April 1975 in the layer from 
900-850 mb. (Units:  x10-6g  cm-2s-l) . 
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o f   t h i s   s i t u a t i o n  where the  radar   data  a t  2100 GMT and 0000 GMT 

on 25 Apri l  have  been  superimposed.  Increases in   moisture  due t o  

9V-V were present   in   the   next  50-mb layer   but  were much weaker. 
+ +  

4 )  Advection 

Vertical profiles  of  the  moisture  advection 3 h previous   to  

convection  as shown  by MDR data   appear   in   Fig.  38. The e f fec t   o f  

t he  3 h l a g  on t h i s  term w a s  t o   s h i f t  a l l  t h e   p r o f i l e s   s l i g h t l y   t o  

more negative  values  below  about 650 mb, s t a y i n g   v i r t u a l l y  unchanged 

above t h i s .  A l l  r a i n f a l l   a r e a s  were associated  with  negative  advec- 

t i o n  from 900 t o  800 mb. A region of maximum posit ive  advection 

occurred  between 750 and 650 mb, and  then a l l   t h e   p r o f i l e s   e x c e p t  

MDR 2 8 returned  slowly  to  zero  near 350 mb. In  the  areas  of t he  

most intense  convection,  the  moisture  advection w a s  again  negative 

above  about 550 mi3. 
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Analyses  of  the  moisture  advection a t  0600 GMT on 24 and 25 

Apri l  are shown in  Figs .   39-and 40. It w a s  s t a t ed   i n   t he   d i scuss ion  

of moisture  advection  with no l ag   o f  MDR that ,   throughout   the atmo- 

sphere,  negative  values were located  ahead  of   the  squal l   l ines  

wi th   pos i t i ve   va lues   i n   t he   r ea r .  By lagging  the  radar  data,   the 

convection w a s  pos i t i oned   fu r the r   t o   t he  east and w a s  associated 

more with  lower  posit ive  values  or  negative  advection.  This i s  

the  reason  for  the  occurrence  of more negative  values  of  moisture 

advect ion  indicated  in   the  prof i les .  

However, the  moisture  advection  never  dominated  the  horizontal 

moisture  divergence  in  the  convection  regions.  Although it was 

usual ly  more important above 700 mb i n  comparison t o  ‘qv-$  outside 

of  storm  areas, it was of ten  equal led  or   surpassed  in   areas  where 

convection w a s  present.  Centers  of maximum advect ion,   posi t ive 

or   negat ive,  were not   as   wel l -def ined  or  as large as values  of  the 

n e t   v e r t i c a l  boundary f lux  and  qv-V in  the  convective  regions.  

Instead  they were r a t h e r   f l a t  and  elongated.  Therefore,  lagging 

the  MDR data  made only a small difference.  

+ 

+ +  

5) Combination of terms. 

i. Net hor i zon ta l   f l ux .   Ver t i ca l   p ro f i l e s  of the   ne t   hor i -  

zontal  boundary  flux  of  moisture, compared with MDR data  lagged by 

3 h,  appear  in  Fig.  41. The to ta l   hor izonta l   cont r ibu t ion  w a s  only 

s l i g h t l y  changed by the   l ag   o f  MDR data.  A s  was t rue   i n   t he   ca se  

with no lag,   the  n e t  hor izontal  boundary f l u x  w a s  dominated by q?*V 

i n   t h e  lower layers  with  moisture  advection becoming important  above 

750 mb. Increases  occurred  in  the  magnitude  of  the  quantity  in 

a reas  where MDR 2 4,  desp i te   reduct ions   in   the   ne t  boundary f l u x  

where MDR >_ 8. 

-+ 

Analyses of the  net   hor izontal  boundary flux  of  moisture a t  

0600 GMT on 24 Apri l  and 0600 GMT on 25 Apr i l   a re  shown in   F igs .  42 

and 43 where MDR data 3 h later have  been  superimposed. 

Empir ical ly ,   the   re la t ionship between the computed f i e l d s  and 

MDR data  lagged by 3 h held a be t t e r   r e l a t ionsh ip   t han  when the  

radar   data  were  not  lagged.  Precipitation w a s  centered more on  the 

I 
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(b) 0600 GMT, 25 A p r i l  1975. 

Fig. 39. Analyses of the m o i s t u r e  advection in the layer f r o m  
900-750 mb. (Superimposed is radar-observed  convection 
lagged  by 3 h. Units:  x10-6g  cm-2s-1) . 
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Fig. 41. V e r t i c a l   p r o f i l e s  of the  net   hor izontal ,  boundary 
f lux  of   moisture   re la ted  to  MDR lagged by 3 h. 
(Units: x10-69  crn-2s-l) . 

areas of  largest   negative  net   boundary  f lux,   giving  further  support  

t o   t he   sugges t ions   t ha t   f avored   l oca t ions   o f   r a in fa l l  were indicated 

a t  least  3 h ahead  of its occurrence. 

These results  agree  well   with work by Hudson (1971)and  Fritsch 

(1975). Both authors found good r e l a t ionsh ips  between f i e l d s  of 

moisture  divergence  and  precipitation  observed by radar  3 h l a t e r .  

ii. Residual. Vertical p ro f i l e s   o f   t he  LIk of Eq. 7 r e l a t e d  

t o  MDR data  lagged 3 h a f t e r   t h e  computed quant i t ies ,   appear   in   Fig.  

44. Large  negative  residual  values  were  found  below 700 rnb i n   a l l  

areas   of   precipat ion.  However, compared t o  when MDR w a s  not  lagged, 

the amount of  outflow  of  moisture i n   t h e  most intense  convection 

region (MDR 2 8) w a s  much smaller.   Other  changes  in  the  profiles 

from t h e  "no  lag'! MDR case were minimal. 

Comparisons i n   t h e   r e l a t i v e  magnitude  of t h e  terms are presented 

i n  Table 111. The r e l a t ionsh ip  among the  terms themselves showed 

no s i g n i f i c a n t  change  from r e s u l t s  found when MDR d a t a  were not 

. . .. . . 
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(a) 0600 GMT, 24 April 1975. 

(b) 0600 GMT, 25 April 1975. 

Fig. 42. Analyses of the net horizontal boundary flux of moisture 
in the layer from 900-750 mb. (Superimposed is  radar- 
observed convection lagged by 3 h.  Units:  x10-% cme2s-l) . 
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(a) 0600 GMT, 24 April 1975. 

(b) 0600 GMT, 25 April 1975. 

Fig. 43. Analyses of the net horizontal boundary flux of moisture 
in the layer from 750-500 mb. (Superimposed is radar- 
observed convection lagged by 3 h. Units: ~ l O - ~ g  cm-2s-1) . 
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Fig. 44.  Vert ical   prof i les   of   the   res idual   of   moisture  
r e l a t e d   t o  MDR lagged by 3 h.  (Units: 
x10-6g cm-2s-l) . 

lagged  (Table 11). However, s izes   o f   the  terms d i f f e red ,   e spec ia l ly  

in   the   reg ions   o f   p rec ip i ta t ion .  

It w a s  found  from t h e   v e r t i c a l   p r o f i l e s   t h a t   t h e   n e t   v e r t i c a l  

and horizontal   boundary  f luxes  indicated  large  reductions  of mois- 

ture flow i n   t h e  lower layers  of  the  atmosphere  around  regions  of 

strong  convection.  Table I I Ie  shows the  averages  of  each  term  in 

these areas. A comparison  of' ,these  values  with  those  in  Table IIe 

revealed  that   the   decrease of negative  net   horizontal  boundary f l u x  

i n   t h e  900-750-mb layer  nearly  balanced a corresponding  decrease 

o f   pos i t i ve   ve r t i ca l   f l ux   d ive rgence   i n   t he  same layer.   Since  these 

two terms are directly  connected by the  continuity  equation,  changes 

i n  one  should  be  reflected by changes in   the   o ther .   Therefore ,   the  

reduction  of  the  imbalance  of  moisture  in  the  lower  layer by  lagging 

the   radar   da ta  w a s  due to   t he   l a rge   d i f f e rence   o f   t he   l oca l  rate- 

of-change  of  moisture. 

Above the  lowest  layer,   large  reductions  of  moisture  loss w e r e  

caused by changes i n  a l l  of the terms. Outside  of  the most intense 
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T a b l e  111. Averages of each term in   t he   mo i s tu re  
budget   equa t ion   in   the   l ayers   ind ica ted   re la ted  t o  
values of MDR lagged by 3 h.   (Units:  x ~ O - ~ C J  ~rn-~s-l)  . 

a. A l l  po in ts  

N e t  N e t  
Local Vertical Horizontal   Horizontal   Horizontal  

Layer Change Flux  Flux  Divergence  Advection  Residual 

500-350 -0.4 -0.7 0.6 0.1 0.5 -0.5 
750-500 -0.9 - 2 . 1  2.4 -0.3 2.7  -0.6 
900-750 -0.4 1.6 -1.3 -2.9 1.5 -0.2 

b. MDR 0-1 

500-350 -0.5 -0.2 0.6 0.0 0.6 -0.1 
750-500 -1.8 -0.6 3.2 0.4 2.9 0.8 
900-750 -0.9 0.8 1.5 -0.8 2.3 1.4 

c. MDR 2-9 

500-350 0.1 -1.9 0.5 0.3 0.2 -1.3 
750-500 1.3 -5.7 0.4 -2.2 2 . 4  -4.1 
900-750 0.7 3.7 -8.7 -8.4 -0.5 -4.4 

MDR 4-9 

500-350 0.5 -1.9 0.7 0.3 0.3 -0.8 
750-500 1 . 4  -7.1 2.4 -1.6 3.7 -3.3 
900-750 0.1 4.0 -10.3 -10 .o -0.7 -6.2 

MDR 8-9 

500-350 0.8 -1.7 -0.1 0.6 -0.7 -1.1 
750-500 2.7 -5 .O 2 .o 0.4 1.7 -0.3 
900-750 -0.1 1.4 -8.2 -8.7 0 .1  -6.9 
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convective  regions,   the  residual  of  moisture w a s  almost unchanged 

i n  each  layer,   al though  large  changes  occurred  in some of   the  terms. 

Analyses  of  the LHS of Eq. 7 a t  0600 GMT on 24 Apri l  and 0600 

GMT on 25 April   appear  in  Figs.  45 through 47. MDR data  lagged 3 h 

behind  the computed f i e l d s  have  been  superimposed.  Empirically, it 

is seen   tha t  a b e t t e r   r e l a t i o n   e x i s t e d  between t h e   c h a r t s  and  radar 

data  when it w a s  lagged  than when it w a s  not.   This  again  indicates 

t h a t  on the  synopt ic   scale ,   moisture  w a s  found t o  be c o l l e c t i n g   i n  

regions where  heavy prec ip i ta t ion   occur red  3 h later.  

c. In t e rp re t a t ion  of re s idua l  

The contribution  of  the  terms on the LHS of Eq. 7 toward the  

total   moisture   balance of the  atmosphere  from 900-350 m b  i s  presented 

in   F ig .  48. The e f f e c t  of  each  term is  shown individual ly  and com- 

b ined   in to  one for   the  res idual   of   moisture .  Each term w a s  averaged 

f o r   a l l  times and categorized by MDR da t a   t o   r evea l  changes of 

moisture   with  different   s torm  intensi ty .  

Considering  the AVE g r i d   a s  a whole ( t h e  “ a l l  points”  column) , 
the  terms  in  the  moisture  budget  were  small. The n e t   v e r t i c a l  and 

horizontal  boundary fluxes  nearly  balanced  each’other  while  the 

local  rate-of-change  of  moisture w a s  negat ive.   This   resul ted  in  a 

small   negat ive  res idual   in   the  total   a tmospheric   moisture   content .  

This means tha t   over   the   eas te rn   Uni ted   S ta tes ,   the  amount of  pre- 

c i p i t a t i o n  and  condensation  during  the AVE I V  experiment  excedded 

the   to ta l   evapora t ion   of  water vapor  from  clouds. This seems only 

log ica l   s ince   ove r  a l a rge  area o f   t h i s   s i ze ,   t he   l i qu id   wa te r  con- 

tent  usually  can  be  considered a constant ( i .e.  condensation  equals 

evaporation) which  would y i e ld  a residual  of  moisture  near  zero. 

However, i n  AVE IV two in t ense   squa l l   l i nes   occu r red   i n   j u s t  36 h,  

making the  condensat ion  and  precipi ta t ion  large  in  a sect ion  of   the 

AVE I V  area.  Averaged  over t h e   e n t i r e   g r i d ,   t h i s  would give a small 

nega t ive   res idua l   o f   mois ture   as   seen   in   F ig .  48. 

In   a reas  where MDR I. 1, the   r e s idua l  w a s  s l i g h t l y   p o s i t i v e .  

That is, in   l oca t ions  where it w a s  not   ra ining  or   ra ining  only  very 

l ight ly ,   c loud  evaporat ion w a s  l a rge r   t han   t he   t o t a l   e f f ec t   o f  con- 
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(a) 0600 GMT, 24  April 1975. 

Fig. 45. Analyses  of  the  residual of moisture in the  layer  from 
900-750 mb. (Superimposed  is  radar-observed  convection 
lagged  by 3 h. Units: ~ l O - ~ g  cm-2s-l) . 
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(a) 0600 GMT, 24 Apri l  1975. 

(b) 0600 GMT, 25 A p r i l  1975. 

Fig.  46.  Analyses of t he   r e s idua l  of moisture i n   t h e   l a y e r  from 
750-500 mb. (Superimposed i s  radar-observed  convection 
lagged  by 3 h.  Units: x10-6g cm-2s-1) . 
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(a) 0600 GMT, 24 April 1975. 

Fig.  47. Analyses of the residual of moisture in the layer from 
500-350 mb. (Superimposed is radar-observed convection 
lagged by 3 h. Units: X10-6g Cm-2S-1) - 
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Fig. 48. Moisture  budget from 900-350 mb r e l a t ed  
t o  MDR ( U n i t s :  x10-6 g cm-2s-1). 

densation and prec ip i ta t ion .   This ,   a l so ,  seems l i k e l y   s i n c e  one 

would expect t o   f i n d   l a r g e  amounts of  condensation  close  to  and 

jus t   shor t ly   before   the   occur rence   o f   p rec ip i ta t ion .   Therefore ,   the  

areas of maximum condensation would be  associated  with  higher  values 

of  MDR. Conversely,   the  greatest  amount of  cloud  evaporation would 

be  expected w e l l  downstream  from the  area of storm  development i n  

the   l aye r s  of t h e   c i r r u s   a n v i l s  where MDR values would be  low. 

The amount of residual   averaged  for  a l l  times w a s  much l a rge r  

when convec t ive   ac t iv i ty  w a s  s t rong .   In  a l l  regions  of   precipi ta-  

t i on ,   t he  atmosphere  on  the whole gained  moisture from v e r t i c a l  and 

horizontal   f lux  convergence  but  lost   moisture  locally.   This  resulted 

i n  a large  negat ive  res idual ,   indicat ing  an  excess   of   precipi ta t ion 
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and  condensation  over  evaporation. A s  the  convection became  more 

intense,  shown  by higher MDR values,   the  difference  between  the 

source  and  s ink  terms  in   the  res idual  became even l a rge r .  

Analyses  of  the LHS of Eq. 7 a t  0600 GMT on 24 April  and 0600 

GMT on 25 April   appear  in  Fig.  49. Surface  f ronts  and radar- 

observed  precipi ta t ion have  been  superimposed.  These c h a r t s  con- 

f i r m   t h a t  a la rge   nega t ive   res idua l  of moisture   exis ted  in   the con- 

vect ive  areas   of   the  two s q u a l l   l i n e s .   T h i s   f a c t  i s  shown very 

well  a t  0600 GMT on 25 April  which bes t   represents   the   f ind ings   o f  

most of  the  observation times not  shown. The r e l a t ionsh ip  i s  a l s o  

good over  Missouri  in  Fig. 49a but  a t  the same time, it i s  not  good 

over  southern  Michigan. A s  p rev ious ly   s t a t ed ,   t h i s  was an  area 

where downward motion  encountered  the  leading  edge  of  the f i r s t  

s q u a l l   l i n e .  For a shor t   whi le   th i s   ind ica ted  a p o s i t i v e   r e s i d u a l  

( i .e.  evaporation > p r e c i p i t a t i o n  + condensation)  which is  opposite 

o f   t ha t  found i n  a l l  other  convective  regions  of  the  experiment. 

Again,  however, the   s i tua t ion   d id   no t  l as t  long  as  a l l  p r e c i p i t a t i o n  

had ended within 3 h. The a rea   o f   t he   r e s idua l   t ha t  had the   l a rges t  

absolute  value was j u s t  downstream of the most intense  convection. 

(See  Appendix I1 for   loca t ion   of  MDR 2 8 . )  

In  an  attempt  to  account  for  the  negative  region,  analyses  of 

hour ly   p rec ip i ta t ion   da ta  were  performed.  Three-hour  composites 

centered a t  0600 GMT on both  days  are  presented  in  Fig.  50. It should 

be remembered tha t   t hese   cha r t s   a r e   no t   ana lyses   o f   t he   r a in fa l l   a s  

it ac tua l ly   f e l l   bu t   r a the r   t hey   a r e   t he   r e su l t   o f   ave rag ing   ove r  

the same area represented  in   the computed q u a n t i t i e s .  It is  re- 
a l i z e d   t h a t   t h e  measurement of   p rec ip i ta t ion   occurs   ou ts ide   the  

area where the  LHS of Eq. 7 w a s  evaluated. However, it i s  believed 

tha t   th i s   does   no t   p resent  a s i g n i f i c a n t  problem. 

Comparing these  analyses  with  Fig.  49, it w a s  found t h a t   t h e  

centers   o f   p rec ip i ta t ion  were loca ted   s l i gh t ly  w e s t  or   nor thwest   of  

t he   l a rges t   r e s idua l   va lues .  The magnitude of t h e   p r e c i p i t a t i o n  

w a s  c lo se  enough to   the   va lues   o f   the   res idua l   to   sugges t   tha t   ra in-  

f a l l  could   account   for   the   l a rges t   por t ions   o f   the   res idua l .  The 

r e l a t ionsh ip  w a s  e spec ia l ly  good in   F ig .  50b and w a s  f a i r   o v e r  cen- 
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(a) 0600 GMT, 24 April 1975. 

(b) 0600 GMT, 25 April 1975. 

Fig.  49. Analyses of the residual of moisture in  the layer from 
900-350 mb. (Superimposed are surface frontal positions 
and radar-observed convection.  Units : x10-6g Cm-2S-1) - 



80 

[ i  ". - 
(b) 0600 GMT, 25 A p r i l  1975. 

Fig.  50. Three-hour  composites of p r e c i p i t a t i o n  flux obtained from 
r a i n f a l l   r a t e s .   ( U n i t s :  x10-6g c ~ I - ~ s - ~ ) .  
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t r a l  Missouri a t  0600 GMT on 24 April .  Agreement w a s  not good a t  

t h i s  time from  Michigan t o  Kentucky, as w a s  indicated  in   previous 

discussions  about  this  region  of  convection. The f a c t   t h a t   t h e  

p r e c i p i t a t i o n   r e l a t e d   f a i r l y  w e l l  t o   t h e   r e s i d u a l  areas w a s  not 

expected  since due t o  i t s  small horizontal   extent ,   convect ive  ra in-  

f a l l   o f t e n  passes"unmeasured  between  recording  rain  gage  stations. 

Most of   the area o f   nega t ive   r e s idua l   t ha t   t he   p rec ip i t a t ion  

did  not  account  for w a s  l o c a t e d   s l i g h t l y   t o   t h e  east and southeast  

of  the  convective  systems.  These  are  regions where  one would ex- 

pect  an  increase  in cumulus c loud   ac t iv i ty  ( i .e .  condensation) due 

to  the  general  ambient  conditions  ahead  of  the  approaching  storms. 

Condensation would a l s o  be s t rong   i n   t he   p rec ip i t a t ion   a r eas  which 

a re   r evea led   t he   bes t  by the  MDR data.  

Evaporation,  on  the  other  hand, made a pos i t ive   cont r ibu t ion  

to  the  residual  of  moisture.   In  the  convective  regions,   evaporation 

of f a l l i ng   p rec ip i t a t ion   s l i gh t ly   r educed   t he   e f f ec t s   o f   p rec ip i t a -  

t i o n  and condensation. I t  was thought   that   the  heavy  cloud  cover 

kept  the  surface  evaporation low. However, i n   a r e a s  where the  sur- 

face  evaporation w a s  l a rge ,  i t s  e f f e c t  was an  implici t   par t   of   the  

terms on the LHS of E q .  7 since  evaluations were  not made below 900 

mb. Some evaporation  of  cirrus  anvils  probably  occurred downstream 

from the  convective  regions. However, s ince it occurred  over  such a 

wide area and  generally  in  the upper layers ,  i t s  e f f e c t  w a s  con- 

s idered  negl igible .  

I 
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7. SUMMARY 

An evaluation  of  the  moisture  budget  equation.  has  been  carried 

out  using  the 3- and  6-h AVE IV rawinsonde  data,  Manually  Digitized 

Radar  data,  and  hourly  precipitation  data.  Computations  were  made 

for 50-mb layers  of  the  atmosphere  from 900-350 mb. Analyses  of 

the  local  rate-of-change  of  moisture  and  net  vertical  and  horizon- 

tal  boundary  flux  were  made  using  the  unique  rawinsonde  data.  Com- 

parisons  were  then  made  with  radar-observed  convection to investi- 

gate  interrelationships  between  synoptic-scale  parameters  and  con- 

vective  systems.  Changes  in  these  relationships  were  investigated 

by  allowing  the  Manually  Digitized  Radar  data  to  lag  the  analyses 

by 3 h.  Precipitation  data  from  recording  rain  gages  were  used 

to  help  explain  the  residual  term  of  the  moisture  equation.  The 

increased  frequency of the  rawinsonde  launches  was  used  to  observe 

meteorological  events on a  time  scale  which  are  impossible  to 

resolve  from  regular  12-h  data. 
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8. CONCLUSIONS 

It  was  determined  by  the  evaluation of the  moisture  budget 

equation  that  during  the AVE IV experiment  the  net  horizontal  and 

vertical  boundary  fluxes  of  moisture  accounted  for  a  large  part 

of  the  moisture  balance  in  the  areas of convective  storm  activity. 

Strong  horizontal  convergence  of  the  wind  fluxed  large  amounts of 

moisture  into  the  environment  of  the  convective  systems,  mostly 

below 700 mb. Much  of  this  moisture  was  transported  vertically 

upward  by  synoptic-scale  vertical  motion  to  heights  above 500 mb. 
Horizontal  moisture  advection  showed  importance  only  above 750 mb 

and  the  local  rate-of-change  of  moisture  was  comparable  to  the 

other  terms  only  near  the  ground. 

Maximum  values  of  moisture  accumulation  due  to  the  net  hori- 

zontal  and  vertical  boundary  fluxes  were  centered  just  downstream 

of  the  regions  of  strongest  convection  as  reflected  in.Manually  Di- 

gitized  Radar data,  indicating  a  favored  position  for  future  develop- 
ment  or  continued  maintenance of storms.  This  result is supported 

by  the  fact  that at most  observation  times  during  the  experiment, 

a  closer  relationship  existed  between  the  computed  moisture  quan- 

tities  and  radar-observed  convection  when  the  MDR  data  were  lagged 

by 3 h. 

The  evaluation  of  the  moisture  budget  resulted  in  a  large 

negative  residual  of  moisture  in  the  convective  regions.  It  was 

found  that  precipitation  accounted  for  a  large  part  of  the  residual, 

even  though  measurements of these  data  are  not  always  representative 

in  convective  rainfall  areas. 

I 
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APPENDIX I 

Rawinsonde S t a t i o n s   P a r t i c i p a t i n g   i n  AVE I V  Experiment. 

S ta t ior .  Number 

208 (Cas) 
2 1 1  (TPA) 

220 (VPS) 
225 (CEK) 

213 (AYS) 

232 (BVE) 
235 ( J A N )  
240 (LCH) 
248 ( S H V )  
255 (VCT) 
260 (SEP) 
261 (DRT) 
265 (-AP) 
304 (HAT) 
311 (AHN) 
317 (GSO) 
327 (BNA) 
340 (LIT)  
349 (Urn) 
363 (P.?dA) 
402 (WAL) 
405 ( I A D )  
425 (HTS) 
429 (3.A.Y) 
433 (SLO) 
451 (DDC) 
4 5 ~  (Tor) 
4 8 G  ( J F K )  
518 (ALE) 
530 (PIT) 
528 (B-LIF) 
532 ( P I A )  
553 (OYA) 
562 (LX;?) 

606 (2XX) 
G37 (FNT) 
645 (GI I3)  
654 (HUR) 
655 (STC) 
662  (RAP) 

11001 (:4Fs) 
22002 .(FSI) 

Location 

Charleston, South Carol ina 
TaEFa, F lor ida  
Wz.ycross , Georgia 
Apalachicola,  FlGrida 
Cen tc rv i l l e ,  Alabama 
Boothvi l lc ,   Louis iana 
Jackson , Miss iss ippi  
Lake Charles,   Louisiana 
Shrevegort ,   Louisiana 
Vic to r i a ,  Texas 
Stephenvi l le  , Texas 
D e l  Xio, Texas 
Midland,  Texas 
I-Iatteras , Nor"& Carol ina 
Athens,  Georgia 
Greer.sboro , North  Carolina 
Nashvi l le  , Tenncssee 
L i t t l e  Rock , Arkansas 
Monette , Missouri 
.Amarillo , Texss 
WallorJs I s land ,   Vixqin ia  
S ter l ing ,   Vi rg i f i iz  (3ulies Airpor t )  
Hur:tl:.gton, b?est Virgin ia  
Dayton, C h i 0  
Salem, I l l i n o i s  
Dodge Ci ty ,  Kansas 
T o p k a  , Kansas 
For t   Tot ten ,  S e w  York (Kennedy Airport)  
A lhmy,  Now YorX 
3ittsburg,   Decnsylvania 
Buffalo, XP.~ York 
Peoria ,  I l l iEols  
hd~a , X\'cbr;ska 
North P la t te ,  Kebraska 
P o r t l x d  , Maine 
F l i E t ,  :.lichigan 
Green Bay, P;iscor,sin 
Huron , S o u 5  3akota 
S t .  Cloud,  Kinr.esota 
Rapid  City,  South  Dakota 
Msrshall  Space P l i 9 h t  Center, Alabama 
F o r t   S i l l ,  OklAoma 
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APPENDIX I1 

Three-hour composites of Manually Digitized Radar Summary. 

(b) 0900 GMT, 24 April 1975. 
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APPENDIX I1 (Continued) 

NASA-Langley, 1977 


